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II Summary 
 

Maize is one of the most important crops worldwide and is therefore a target for the 

application of recombinant DNA tools to develop novel maize hybrids. Since their 

commercial introduction in 1996, the cultivation of transgenic maize varieties has rapidly 

increased. Because of a possible gene flow from transgenic to conventional varieties and 

the economical implication, strategies for managing their coexistence need to be mapped 

out.  

 

Transgenic pollen dispersal is considered to be an important factor in terms of co-

existence, thus the adventitious presence of genetically modified organisms (GMO) in 

conventional products is possible. Rates of cross-pollination, as influenced by topography, 

climate, and morphological and physiological traits, were the focus of this doctoral work. 

 

Four chapters describe the experiments carried out here (chapters 2 to 5):  

 

Chapter 2 focuses on the behavior of pollen in close vicinity to maize above different 

thermal surfaces. Pollen traps were installed above maize, grassland, and wheat stubble at 

tassel height and 1 m above the tassels. Object slides with adhesive tape were used as 

pollen traps, and, after exposure, pollen was quantified by fluorescence microscopy. Above 

grassland and wheat stubble, two extremes of thermal surfaces, no differences in pollen 

take-off could be detected. A special weather situation given by a thunderstorm led to an 

increased pollen density, what was also strongly influenced by the maize variety used. 

 

Chapter 3 shows the effect of the flowering dynamics and morphology of single plants on 

their rate of cross-pollination. In each year, flower and morphological data of about 2500 

single plants were combined with their rate of cross-pollination, and correlations were 

calculated. The results indicate that the start of female flowering is significantly positively 

correlated with the rate of single plant cross-pollination, what indicates that late flowering 

plants are more prone to cross-pollination than early or average flowering plants. 

 

Chapter 4 focuses on the effect of meteorological factors on the rate of cross-pollination. 

Meteorological data for one day after the start of female flowering were correlated with the 

rate of cross-pollination of single plants. The daily minimum temperature strongly 
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influenced cross-pollination of single plants, since consistent and significant negative 

correlations were found. Complementary trials could ascribe this effect to the pollenkitt 

content of pollen, as it is composed of lipids which were more adhesive during warm 

nights. This led to pollen clumping and a reduced fertilization capability. 

 

Chapter 5 focuses on the impact of topography on the rate of cross-pollination. A novel 

technique, an unmanned aerial vehicle, was used to take pictures of the fields during 

flowering for the generation of a surface elevation model. With this model, the orthometric 

heights of single maize plants in relation to the orthometric heights of the donor plants 

could easily be combined with the rate of cross-pollination. Receptor plants in downhill 

direction were significantly more affected by cross-pollination than receptor plants in 

uphill direction.  

 

In general, the information generated here is highly valuable to refine existing models to 

predict cross-pollination. 

 

Also from these results, some preliminary recommendations for agricultural practice can 

be done ad hoc: 

 

- Since no differences in pollen take-off were observed above different thermal surfaces, it 

seems not to be useful to cultivate specific crops between fields for the isolation of GM 

and non-GM maize. Our and former experiments support the assumption, that maize is the 

preferable isolation crop, as the rate of cross-pollination is strongly decreased in the 

receptor field beyond 10 m. Border rows of non-GM maize around GM maize can 

efficiently reduce cross-pollination in adjacent conventional maize fields.  

 

- Late flowering plants are more prone to cross-pollination than early or average flowering 

plants. For agricultural practice, it can be derived that homogeneous stands of plants can 

reduce the rate of cross-pollination.  

 

- Night temperature seems to be crucial for pollen agglutination due to a change in the 

physical properties of pollenkitt. Depending on varieties, high night temperatures benefit 

pollen agglutination and hamper fertilization. Therefore, this factor should be taken into 

account when estimating rates of cross-pollination.  
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- Cross-pollination is enhanced in downhill direction of a pollen source. Therefore, 

transgenic fields should preferentially occupy lower terrains. Otherwise, the isolation 

distances should be increased. 
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III Zusammenfassung 
 

Mais ist weltweit unter anderem wegen der grossen ökonomischen Bedeutung eine der 

wichtigsten Kulturpflanzen und daher auch das Ziel rekombinanter DNA-Methoden, um 

verbesserte transgene Maishybriden zu entwickeln. Seit der kommerziellen Einführung 

1996 ist die Anbaufläche dieser Hybriden stark angestiegen, aber wegen der Möglichkeit 

eines Gentransfers zwischen Flächen mit transgenen und konventionellen Hybriden und 

den daraus resultierenden ökonomischen Konsequenzen sind Strategien für eine 

Koexistenz notwendig. 

 

Pollenflug ist ein entscheidender Faktor für die Koexistenz der verschiedenen 

Anbausysteme, da hierdurch unerwünschte Beimengungen von gentechnisch veränderten 

Organismen (GVO) in konventionellen Produkten hervorgerufen werden können. Das Ziel 

dieser Arbeit ist es daher, die Auswirkungen der Topographie, Meteorologie, Morphologie 

und Physiologie auf die Fremdbefruchtungsrate, verursacht durch Pollenflug, quantitativ 

und qualitativ zu bestimmen. 

 

Die Experimente, die für diese Arbeit durchgeführt wurden, sind in vier Kapiteln 

beschrieben (Kapitel 2 bis 5): 

 

Das Verhalten von Maispollen bei unterschiedlicher Thermik in direkter Nachbarschaft zu 

Mais wird in Kapitel 2 beschrieben. Dazu wurden Pollenfallen, die aus einem Objektträger 

mit Klebestreifen bestanden, in einem bestimmten Zeitintervall über Mais, Grünland und 

Weizenstoppeln in Fahnenhöhe und 1 m darüber angebracht. Anschliessend wurde mit 

Hilfe der Fluoreszenzmikroskopie die Pollendichte bestimmt. Über Grünland und 

Weizenstoppeln, die als Extreme hinsichtlich der Thermikeigenschaften gelten, konnten 

keine Unterschiede der Maispollendichte gemessen werden. Bei einem Gewitter wurden 

jedoch stark erhöhte Pollenkonzentrationen in direkter Nachbarschaft zum Mais gemessen. 

Zu einem geringeren Anteil hatte die jeweilige Maissorte ebenfalls einen Einfluss auf die 

Pollenkonzentration. 

 

In Kapitel 3 ist der Einfluss von Blühdynamik und Morphologie auf die 

Fremdbefruchtungsrate beschrieben. An ca. 2500 Einzelpflanzen wurden Daten zu den 

genannten Faktoren erhoben und bei der anschliessenden Analyse mit deren 
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Fremdbefruchtungsrate kombiniert und korreliert. Die Ergebnisse zeigen, dass der 

weibliche Blühbeginn signifikant positiv mit der Fremdbefruchtungsrate korreliert, was die 

erhöhte Fremdbefruchtungsrate von spät blühenden Pflanzen und deren überproportionalen 

Anteil an der gesamten Fremdbefruchtungsrate erklärt. 

 

Die Auswirkung unterschiedlicher meteorologischer Faktoren auf die 

Fremdbefruchtungsrate von Einzelpflanzen war Gegenstand der Untersuchung in Kapitel 

4. Meteorologische Daten für einen Tag nach dem Seidenschieben wurden mit Daten der 

Fremdbefruchtungsrate von Einzelpflanzen kombiniert und korreliert. Insbesondere die 

Nachttemperatur zeigte dabei signifikant negative Korrelationen. Zusatzversuche zeigten, 

dass dabei der Pollenkitt und die darin enthaltenen Lipide eine wichtige Rolle spielen, da 

höhere Nachttemperaturen zu einer Pollenverklumpung und einer reduzierten Befruchtung 

führten.  

 

In Kapitel 5 wird der Einfluss der Topographie auf die Fremdbefruchtungsrate 

beschrieben. Ein unbemanntes Luftfahrzeug generierte Bilder für ein Oberflächenmodell, 

das die Grundlage für die Messung von orthometrischen Höhenunterschieden zwischen 

einzelnen Rezeptor- und Donorpflanzen war. Die Ergebnisse zeigen, dass 

Rezeptorpflanzen, die hangabwärts zu den Donorpflanzen ausgerichtet sind, eine 

signifikant erhöhte Fremdbefruchtungsrate aufweisen.  

 

Die hier gewonnenen Daten und Ergebnisse können durch die hochauflösende Messung 

der Fremdbefruchtungsrate und ihrer bestimmenden Faktoren entscheidend zur 

Verbesserung vorhandener Modelle beitragen, um in Zukunft 

Fremdbefruchtungsereignisse besser vorhersagen zu können. 

 

Aus den Ergebnissen können zusätzlich direkte Schlussfolgerungen für die 

landwirtschaftliche Praxis gezogen werden: 

 

- Angesichts der dargestellten Ergebnisse in Kapitel 2 erscheint es nicht sinnvoll, 

verschiedene Kulturen für die Isolation von konventionellem und GVO-Anbau zu nutzen. 

Mais ist zur Isolation von GVO-Flächen am besten geeignet, da die Experimente dieser 

Arbeit als auch ältere Experimente zeigen konnten, dass die Fremdbefruchtungsrate 

innerhalb der ersten 10 m der Rezeptorflächen stark abnimmt. Eine Mantelsaat einer nicht 
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transgenen Maissorte um eine transgene Sorte herum ist daher ein wirksames Mittel, die 

Auskreuzungen zu reduzieren. 

 

- Pflanzen, die später mit der Blüte begonnen hatten, zeigten eine höhere 

Fremdbefruchtungsrate als früh oder durchschnittlich blühende Pflanzen. Für die Praxis 

sollten homogene Pflanzenbestände angestrebt werden. 

 

- Abhängig von der Sorte und deren Pollenkittgehalt können erhöhte Nachttemperaturen zu 

einer Pollenverklumpung und damit zu einer reduzierten Befruchtung führen. Dieser 

Aspekt sollte bei Auskreuzungsstudien berücksichtigt werden.  

 

- Hangabwärts gelegene Rezeptorflächen zeigten im Vergleich zu hangaufwärts gelegenen 

eine erhöhte Fremdbefruchtungsrate. Daher sollten für transgene Maisfelder möglichst tief 

gelegene Flächen gewählt oder die Isolationsdistanz erhöht werden.  
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1.1 History and recent development of maize breeding 
 

About 10.000 years ago, the transition from the hunter-gatherer lifestyle to food 

production developed in parallel with plant breeding. Farmers got the opportunity to adapt 

promising plants to their own needs. In the next millennia, plant breeding developed to an 

essential tool for the changes in human societies (Diamond, 2002).  

 

Maize (Zea mays L.) was domesticated from its wild ancestor teosinte (Matsuoka, 2005) at 

a single domestication region in Central America, probably in today´s Mexico, Guatemala, 

Nicaragua, and Honduras, about 8500 years ago. From there maize spread north- and 

southwards; however, the expansion of maize was limited by day length, seasonality, and 

different climates, and hence, the distribution on the northern and southern continent took 

place very late (Diamond, 2002). At the beginning of the last millennium, the development 

of Northern Flint Corn expedited the spread of maize on the North American continent 

mainly due to its reduced photoperiodic response to long days.  

 

In the past two centuries, modern maize breeding started in North America. At this time, 

the early selection by Native Americans had already originated an enormous variety of 

shapes which was and still is of great value for maize breeders. At the beginning of modern 

maize breeding, mainly farmers used mass selection of open-pollinated varieties (OPV) for 

breeding progress. However, annual yield increases stagnated in the first years of the 20th 

century, because the improvement of varieties with mass selection was very slow.  

 

In the 1920s, the introduction of hybrids replaced the open pollinated varieties and led to 

an enormous increase of yield (Crow, 1998). Already in the 1940s nearly all maize plants 

grown in the United States were F1 hybrids. At the beginning of hybrid breeding, mainly 

double cross hybrids were cultivated, because the seed production was cost-intensive, and 

puny inbred lines produced only low yield. The introduction of single cross hybrids in the 

1950s was possible because of the increase of inbred line yields, leading to an additional 

push of yield.  

 

Nowadays, Maize (Zea mays L.) is apart from wheat (Triticum spp.) and rice (Oryza spp.) 

one of the three most important crops worldwide with an annual production area of 144 



General Introduction 

 3  

million ha (FAO, 2006). The most important producers are the United States of America 

and China with a respective annual production of 282 and 140 million tons. 

The demand of increasing food supply in quantity and quality will be sustained over the 

next decades due to the always increasing world population with predicted 9 billion people 

in 2050 (UN, 2006) and the change of climate. Biotic and abiotic stresses like salinity, 

drought and temperature will increase in severity as more marginal areas are cultivated in a 

changing climate. Biofortification is often mentioned to have the potential to save millions 

of lives because about 850 million people are still malnourished worldwide (Jauhar, 2006).  

 

Breeding techniques have to be adapted to the new demands because classic methods can 

not always be applied to satisfy the demands. Because of its international importance and 

the suitability of maize for efficient cultivation, it is an important target for implementing 

biotechnology tools into breeding programs. Biotechnology can expedite the process of 

evolving, evaluating and selecting the right combination of alleles.  

 

Since 1970, recombinant DNA methods have been used for the manipulation of genetic 

information in plants, and already in 1996 genetically modified (GM) plants were 

introduced into the North American market; ten years later, about 114 million ha 

worldwide are planted in many countries (James, 2007). Meanwhile, about 80 % of the 

traded agricultural products on the world market are GM plants. Besides maize, soybean, 

cotton, and canola are globally the most important GM crops. The acreage of GM-maize 

mounted up to 36 million ha mainly in the USA, Argentina, Canada, and South Africa in 

2007. It is supposed that the total acreage of GM plants will significantly increase in the 

next years. Particularly in developing countries, the growth rates of areas cultivated with 

GM-plants is distinctly higher than in developed countries, probably due to the fact that in 

developed countries concerns and fears towards the new technologies arose since the GM 

plants were introduced, and agricultural challenges are greater in developing countries.  

 

For maize, three different traits are of global interest at present; the herbicide tolerance 

(HT) to Glyphosate (Round-up Ready), the resistance to European Corn Borer (Ostrinia 

nubilalis), and the resistance to the Corn Rootworm (Diabrotica virgifera). Meanwhile, 

combinations of the traits HT and insect resistance (IR) are on the market (James, 2007).  

The total herbicide Glyphosate inhibits the enzyme EPSPS (5-enolpyruvylshikimate-3-

phosphate-synthase) by mimicking the phosphoenolpyruvate. This enzyme is important for 
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the biosynthesis of aromatic amino acids. Some microbial EPSPS variants are not inhibited 

by Glyphosate and provide the only mode of action for today’s commercial HT crops. 

Herbicide resistant maize provides farmers a tool for a more efficient agriculture with 

regard to ecological requirements, because low tillage and inter-cropping systems are 

conceivable.  

 

The endotoxic crystal-like proteins (cry proteins) are naturally occurring in strains of the 

soil bacterium Bacillus thuringiensis (Bt). After the transfer of the corresponding genes, 

maize is able to synthesize the lepidopteran toxic proteins (cry proteins) which are also 

harmful to the two maize insect pests: European Corn Borer and Corn Root Worm (Felke 

et al., 2002). Both insects are the most damaging insect pests in many maize cultivation 

areas. The cry proteins are insect stomach poisons which must be eaten to kill the insects. 

The crystal proteins dissolve in the alkaline environment of the gut (Bravo et al., 2007). 

Digestive enzymes of the insects activate the toxic form of the cry proteins, and they bind 

to insect specific receptors on the midgut epithelium columnar cells. The primary action of 

the cry toxins is to lyse epithelial cells of the midgut. Several cry proteins (e.g. Cry1Ab, 

Cry1F) are known (derived from strains of Bacillus thuringiensis) which are selective to 

insects.  

 

Several new transgenic traits for abiotic stress tolerance (e.g. cold, drought and salinity), 

resistance to pests (e.g. nematodes, fungi and insects), and yield improvement for maize 

are planned in future (Kast, 2007). Furthermore, special varieties for the production of 

renewable energy (e.g. high energy corn for ethanol) and pharmaceuticals are of topical 

interest. Kast (2007) reported that the introduction of drought tolerant and yield improved 

varieties is planned for the next years. Varieties with improved nitrogen efficiency are a 

goal for the next decade. 

 

With the introduction of GM plants, questions about the risks for the environment and the 

consumers arose. Producers and consumers concerns are mainly focused on admixtures of 

transgenic and conventional seeds and the occurrence of transgenes in production and food 

chains. However, till now there is no scientific evidence that recent commercialized GM 

crops have caused any environmental harm (Sanvido et al., 2007). Nevertheless, the 

potential introduction of transgenic maize varieties as “factories” for pharmaceutical 

compounds could enliven the debate.  
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Cross-pollination and gene flow can also happen between GM maize, landraces, and wild 

relatives. Since the transgene is integrated in the genome, the sexually transmitted 

dispersion to sexually compatible plants is possible (Sanvido et al., 2007). 

 

Pollen is the main carrier of transgenes in maize. Therefore, flowering properties and 

cross-pollination events in maize and all factors influencing them need to be well 

characterized. 

 

 

1.2 Flowering biology of maize 
 

Maize is a monoecious plant and female (ear) and male (tassel) inflorescence are 

separated vertically by about 1 to 1.3 m on the plant (decline). Usually one, sometimes 

two, female flowers are originated from the axillary shoot meristem despite an initiation in 

each axillary shoot meristem (Messeguer et al., 2006; Bannert and Stamp, 2007; Goggi et 

al., 2007; Bannert et al., 2008). A certain number of single flowers are arranged by pairs in 

lines on the ear. Each spikelet pair meristem forms a short branch which bears two spikelet 

meristems, but only one of these develops into a fertile flower on the ear (Bommert et al., 

2005).  

 

At the beginning of flowering, the silks emerge from the ovaries at the base of the ear. 

They are the styles of the female part of the flower. Depending on the genotype, silks 

undergo a well defined pattern of emergence, elongation, and senescence (Bassetti and 

Westgate, 1993a). Silks originated from the middle of the ear are next followed by the 

apical silks. Ovaries located at the base of the ear seem to exert the ‘primigenic 

dominance’ after fertilization and promote kernel abortion of late fertilized ovaries at the 

tip of the ear (Carcova and Otegui, 2007).  

 

If viable pollen reaches the small receptive area of silks, pollen is captured by trichomes. 

After germination, the silk directs the germ tube to one ovule, which must be fertilized in 

order for a kernel to develop. In maize, as in other plants, a double fertilization occurs in 

the embryo sack with two sperm cells (Coe, 2001). Both sperm cells enter the embryo sac; 
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while one fertilizes the egg, forming the embryo, the other fertilizes one of the polar nuclei 

before fusing with the second polar nucleus, forming the triploid endosperm.  

 

Silk senescence starts about seven to eight days after the emergence from the husk. Until 

senescence, they are receptive to pollen at their whole length. The receptivity is likely a 

function of silk age, therefore, a delay of silk emergence caused by environmental stress 

can reduce kernel set and cross-pollination (if flowering of pollen donor is delayed) by 

asynchronous flowering and decreased silk receptivity (Anderson et al., 2004). 

Physiologically a developmental failure within the ovary and a hastening of silk 

senescence was observed under stress situations (Bassetti and Westgate, 1993b). After 

fertilization, silks stop elongation quickly. If no fertilization takes place, silks continue the 

elongation up to 10 days reaching lengths of up to 15 cm or more (Burris et al., 2002; 

Aylor et al., 2003).  

 

The tassel or panicle arises from the shoot apical meristem on the top of the plant usually 

before pollen shedding begins. Depending on the genotype, a certain amount of side 

branches are developed. The inflorescence meristems of the male flower produce, as 

described for the female flower, spikelet pair meristems. The spikelet pair meristems form 

short branches, bearing two spikelet meristems. The spikelet meristems produce, contrary 

to the female flower, two fertile flowers. In most instances, pollen maturation is about two 

to four days earlier than the silk emergence (protandry), but the extent depends on 

genotype, plant population, soil fertility, and environmental stress (Burris et al., 2002). 

Additionally, breeding for higher yields is correlated with female dominance, what has 

reduced protandry much in the past. Because of pollen concurrence, protandry has to be 

considered in cross-pollination studies. The arrangement of male and female flowers 

largely avoids self pollination; nevertheless, about 5 % of the ovules on a shoot are self-

fertilized (Bannert, 2006; Messeguer et al., 2006).  

 

During maturation, anthers are suspended on filaments that emerge from the flower. A 

single tassel can produce averages of 14 to 50 million pollen grains and, due to female 

dominance, the tassel size has been decreased over the last decades, and as a consequence 

thereof abundant pollen grains also have been reduced from two to five million 

(Purseglove, 1972; Burris et al., 2002) with about 2000 to 2500 pollen grains per anther 

(Goss, 1968). Aylor et al. (2003) has estimated a pollen production of 2500 pollen grains 
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per silk for North American hybrids with 750 to 1000 silks per ear. Because the area of the 

silks in the canopy is small and most pollen grains are missing its target, much pollen is 

necessary. In humid climate with an increased plant density, the amount of kernels per ear 

is reduced. A consequence thereof is that the amount of pollen grains per silk are increased 

in these climate. However, nearly at all circumstances considerably more pollen grains are 

available than required for a full kernel set. Therefore, breeders are still making progress in 

developing hybrids with a reduced pollen production, not least because pollen is a sink for 

nutrients (Westgate et al., 2003). Plant stands with reduced tassel size contribute less to 

cross-pollination, but also the pollen competition to adventitious pollen is lower.  

 

The typical maize tassel has two pollen shed distribution curves. The pollen shed period of 

a single tassel takes about two to 14 days depending on genotypic and abiotic factors 

(Burris et al., 2002). The flowering dynamic of a maize population exhibits a sigmoid 

pattern, and flowering lasts for about nine to 20 days (Bassetti and Westgate, 1994; 

Westgate et al., 2003; Jarosz et al., 2005; Goggi et al., 2006; Goggi et al., 2007), whereas 

longer periods mainly occur under stress environments. The diurnal pollen shed mainly 

depends on vapor pressure deficit with main pollen shed from 9 a.m. to 12 a.m. (Jarosz et 

al., 2005). 

 

Since maize pollen grains are, with a diameter of 90 – 100 µm (Raynor et al., 1972), one of 

the heaviest and largest among wind-dispersed pollen grains, their travel distance is 

limited. After release of pollen from anthers, pollen is affected by several abiotic factors. 

The distance viable pollen disperses per time unit (effective dispersal distance) depends on 

pollen viability and wind velocity. Both parameters are in general influenced by 

topography and weather (rainfall, wind speed, wind direction, humidity and temperature) 

(Aylor et al., 2003). These authors state that convective and turbulent conditions account 

for much of pollen exchange with the atmosphere and therefore for pollen dispersion. They 

suppose that, particularly at close vicinity to donor maize fields, these factors are important 

for cross-pollination due to the limited viability of pollen. 

 

Maize pollen dehydration during hot and dry conditions is the main factor for pollen 

mortality (Luna et al., 2001; Aylor, 2004). Fonseca and Westgate (2005) reported that 

pollen moisture content is highly correlated with pollen viability. Pollen are released at 

pollen moisture contents of about 55 – 60 % and viability is around zero at pollen moisture 
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content of about 30 %. If hot and dry conditions occur, the potential for cross-pollination 

over long distances is dramatically reduced. However, an increased pollen viability, at the 

first 30 – 60 min after being released from the anther, is reported (Aylor, 2004). After 120 

min pollen viability was severely decreased. Other studies found a decreased viability 

either earlier or later depending on temperature, humidity, and atmospheric water potential 

(Goss, 1968; Barnabas, 1985; Schoper et al., 1987a; Garcia et al., 1998; Luna et al., 2001). 

A sensitivity of pollen to UVB and UVC was not observed (Aylor, 2004). Aylor et al. 

(2003) reported that washout by rain can severely hamper maize pollen dispersal. In 

conclusion, the effective pollen dispersal distance is mainly determined by wind velocity 

and factors influencing the pollen moisture content. 

 

Wind is the main agent of pollen dispersion of maize. However, honeybees collect pollen 

from maize up to an extent of 25 % of total collected pollen in one year (Wille and Wille, 

1984). As female and male flowers of maize are spatially separated and pollen is produced 

and collected at the tassel, cross-pollination caused by honeybees can almost be precluded. 

 

Cross-pollination in maize is affected by several biotic and abiotic factors. Because of this 

complex interacting system and economic reasons, a zero tolerance for cross-pollination in 

transgenic maize and seed production systems is not aspired. Hence, the coexistence of all 

cropping systems (transgenic, conventional and biological) is favored in the European 

Union. 

 

 

1.3 Legislation for GMOs in Switzerland and Europe 
 

A central point of view of the European agriculture is that farmers should be able to 

cultivate the types of agricultural crops they wish. In 2003, the Commission of the 

European Communities (EC) released the recommendation 2003/556/EC (EC, 2003a) and 

introduced the concept of coexistence, where no form of agriculture (conventional, organic 

or using genetically modified organisms) should be excluded in the European Union. The 

regulation 1829/30 (EC, 2003b) covers the labeling provisions of products produced with 

GMOs and establishes a mandatory threshold of 0.9 % for the accidental presence of 

GMOs in food and feed. It is not required to label unavoidable impurities below this 
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threshold. The traceability and labeling procedures for all products produced from GMOs, 

whether the modified proteins or the DNA are detectable or not, are prescribed in 

regulation 1830/2003 (EC, 2003c). The EC has published guidelines for the development 

of strategies and best practices to ensure the coexistence of GM crops with conventional 

and organic farming. The guidelines provide a list of possible actions which could be 

tailored for implementation at national or regional or local level. However, the coexistence 

standards are still imprecise. The terms of unavoidable presence, exact requirements to the 

farmers, presence of not approved GMO material, and how to handle seed impurity are 

obviously not specified. Unless these deficits are remedied, a cultivation of all farming 

systems, having equal rights, will not be possible, because protagonists of the food chain 

need precise guidelines how to handle production and processing of GM raw material. 

 

The current status of legislation for the cultivation of GMO’s in Switzerland is well 

reviewed by Perrez (2005). The main features for handling genetically modified plants are 

regulated in the Gentechnikgesetz (2003). The legislation and recommendations 

correspond generally to the European concept. Concerning coexistence, a concept for the 

regulations is already presented. However, the definition of coexistence rules in 

Switzerland is difficult, because Swiss agriculture is one of the most diverse in Europe. 

Therefore, it is important to take care of these circumstances in order to establish balanced 

management measures.  

 

 

1.4 Special situation of maize cultivation in Switzerland 
 

In Switzerland, almost 64,000 ha were cultivated with maize in 2005 (BFS, 2007). This 

area is partitioned in 43,000 ha for silage maize production and 21,000 ha for grain maize 

production. While for silage maize production the whole plant is used, for grain maize 

production only the seeds are harvested. Mostly new hybrid varieties are planted; however, 

small areas are planted with open pollinated varieties like “Rheintaler Ribelmais” for niche 

markets. At small areas, inbred-lines are planted for seed production. 

 

The agriculture in Switzerland is, due to historical and topographic reasons, small scaled. 

Field sizes scarcely exceed 2 ha (Sanvido et al., 2005). The median of field distances 
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between maize fields is about 90 m which allows in most cases appropriate isolation 

distances for the coexistence. Important other crops are wheat, barley, potatoes, sugar beet, 

and, for the most part, temporary grassland.  

 

The production of maize in Switzerland is concentrated on the Swiss lowland, up to a 

height of about 800 m, and the Magadino valley south of the Alps. At higher altitudes, the 

production is limited because of the lower temperatures and the short period where no frost 

occurs. In the Swiss lowland, maize production is also limited by the hilly topography, 

because erosion is a major problem in Swiss maize production. However, most of the 

maize production is located in hilly regions for the simple reason that flat areas are scarce. 

In general, Switzerland is a prolific maize production country with an average grain yield 

of about 8.5 t/ha (FAO, 2006), not least because of the favorable distribution of 

precipitation during the vegetation period (highest amount during flowering of maize) and 

the moderate climate. Due to the low winter temperatures in northern alpine regions, the 

development of volunteer plants was not observed up to now.  

 

 

1.5 Gene flow through the means of pollen dispersal 
 

As maize has no wild relatives in Europe and the occurrence of volunteer plants is 

restricted to southern Europe (Messeguer, 2003), the current focus of research is to 

determine the potential rate of cross-contamination between GM and non-GM crops 

through the means of pollen dispersal, which is the most important factor for gene flow in 

maize. The avoidance of impurity in seeds is also of topical interest, because seed 

production fields with alternately male sterile and male fertile plants are more prone to 

adventitious pollen. 

 

In the past, studies were realized to measure the movement of genes from one population 

to another and to assess isolation distances in seed production systems (Salamov, 1940; 

Bateman, 1947; Jones and Brooks, 1950; Burris et al., 2002; Goggi et al., 2006). Since GM 

crops were introduced on the market, the focus has changed to the coexistence of 

conventional and GM maize (Ma et al., 2004; Stevens et al., 2004; Halsey et al., 2005; 

Goggi et al., 2006; Messeguer et al., 2006; Pla et al., 2006; Bannert and Stamp, 2007; 
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Della Porta et al., 2007; Weekes et al., 2007; Bannert et al., 2008). These studies are 

without exception focused on the effect of the most modifying factors (spatial and 

temporal isolation, prevailing wind direction) on cross-pollination. They found that cross-

pollination decreased exponentially and was below 0.9 % after initial 20 - 30 m depending 

on prevailing wind direction. Two weeks of temporal isolation and 750 m of spatial 

isolation reduced the rate of cross-pollination by 100 % (Halsey et al., 2005). However, 

knowledge of the impact of other modifying factors like landscape and topography, 

phenological stage of single plants, climate, and seed impurity on cross-pollination is still 

scarce. Particularly on short distances, these factors can considerably modify the rate of 

cross-pollination. Knowledge of these factors can help to refine existing models for a better 

prediction of cross-pollination (Kuparinen, 2006). 

 

The use of simulation models is a promising approach to predict gene flow in maize 

(Kuparinen, 2006). The two different approaches for modeling particle dispersal are 

roughly grouped in the Eulerian and Lagrangian approaches (Turchin, 1998). The 

Lagrangian approach is centered on the moving of individual pollen, whereas the Eulerian 

approache is based on the density of the particles and the probability of finding it in a 

given area. However, the current models can only insufficiently predict the rate of cross-

pollination (Arritt et al., 2007).  

 

For the characterization of all factors influencing the complex process of cross-pollination, 

an appropriate system must be available that allows the combination of high resolution 

cross-pollination data with e.g. climate data.  

 

 

1.6 Methods for the measurement of gene flow in transgenic maize 
 

Several methods are available to measure the real or simulated gene flow in maize. PCR 

detection methods are the most popular ones and can be classified in quantitative and 

qualitative methods. While qualitative methods are exclusively able to determine whether 

transgenic plant DNA is present in a sample or not, quantitative methods can measure the 

quantity of impurity (Alexander et al., 2007). Meanwhile, multiplex PCR methods are 

developed for qualitative analysis, which allow the simultaneous amplification of more 
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than one target in a PCR reaction. For quantitative DNA analysis, real-time PCR is the 

most preferred method. Contrary to conventional (qualitative) PCR, which measures the 

presence of the amplification product at the end of the reaction, real-time PCR is able to 

measure the quantity of DNA by fluorescent emission during the reaction. Standard 

emission curves for each target are necessary for quantification. However, the analysis of 

genetically modified plants by PCR have shown an over estimation of GM-levels, and 

measurements were significantly different to standards (Powell and Owen, 2002). 

Additionally, the method is time-consuming and expensive, therefore high sample rates are 

unrealistic. 

 

Another approach for the identification of transgenic plants is the germination assay of 

herbicide resistant plants (Goggi et al., 2006). If pollen from transgenic herbicide resistant 

plants fertilizes conventional non transgenic plants, the plants will bear the information for 

herbicide resistance. After the treatment of progeny seedlings with the corresponding 

herbicide, only those with transgenic herbicide resistance will survive the treatment. The 

rate of dead and surviving plants represents the cross-pollination rate.  

 

Also visual markers are available, like sugary grain texture or grain color markers. The 

detection of cross-pollination with a sweet corn system is a possible and a rather easy tool 

(Jones and Brooks, 1952; Foueillassar et al., 2007). Sugary maize kernels are characterized 

by the crumpled surface during maturation due to a recessive gene mutation which inhibits 

the transformation of sugar into starch in the endosperm. If conventional maize pollen, not 

containing the mutation, fertilizes sugary maize, the kernels do not crumple during 

maturation and can be counted as cross-pollination events. 

 

The xenia based transmission of grain color is another possibility for the detection of cross-

pollination in maize. The pericarp-color of maize kernels is determined by the genotype of 

the mother plant and is either red or transparent (Coe, 2001). In contrast, both parents 

determine the pigmentation of the aleurone layer of the endosperm. The grain color of the 

aleurone tissue is, in case of dominance, controlled by the male gene and the two female 

copies are suppressed (xenia effect) (Coe, 2001).  

 

Yellow colors are caused by an accumulation of carotenoids; black, blue and red trace back 

to the accumulation of anthocyans. The aleurone colors of the endosperm, white and 
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yellow, were often used as a simulation system for seed impurity in former years 

(Salamov, 1940; Jones and Newell, 1948; Jones and Brooks, 1950; Raynor et al., 1972; 

Paterniani and Stort, 1974) and for the simulation of transgenic pollen flow (Garcia et al., 

1998; Ma et al., 2004; Stevens et al., 2004; Goggi et al., 2006; Bannert and Stamp, 2007; 

Bannert et al., 2008). The system of dominant blue kernel color was rarely used (Byrne and 

Fromherz, 2003), probably due to its complex genetics and its instability. White kernelled 

maize varieties are recessive (yy), and dominant yellow color (YY) is transmitted steadily, 

but the allele status (homozygote/heterozygote) of the yellow donor has to be noted. In 

case of heterozygosis (Yy), only 50 % of donor pollen will lead to observable cross-

pollination. The different ploidy of maize grain tissue and the variation of DNA content in 

embryo, endosperm and tegument must be considered, too (Messean et al., 2006). 

 

In European maize production, mainly yellow kernelled maize is used. At maize 

experiments with yellow color markers it is not possible to exclude all non experimental 

donor pollen. Therefore, Goggi et al. (2006) have used a yellow-seeded hybrid with 

stacked genes (RoundupReady/Bt). With this method it is possible to determine the amount 

of adventitious cross-pollination, where the pollen was not coming from the source plot. A 

smaller portion of obvious cross-pollination kernels (yellow kernels on white ear) can be 

validated a second time to their tolerance against glyphosate.  

 

 

1.7 Aims of the study 
 

Pollen dispersal is of crucial importance for coexistence discussions because of its 

potential to transfer recombinant DNA. Results on pollen dispersal and cross-pollination at 

long or short distances and under diverse topographic and climatic conditions are already 

available. The studies have identified the distance to pollen source, the synchronization of 

pollen donor and receptor, and the prevailing wind direction as the most modifying factors 

for the rate of cross-pollination at short distances; nevertheless, an inexplicable variation of 

cross-pollination occurred primarily at these distances. These sources of variation were the 

focus of the studies conducted here. 

The goal of the first part of the present study was to quantify the effects of vertical pollen 

take-off on short and long distance pollen dispersal. Field experiments with different 
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thermal surfaces (maize, wheat stubble, and grassland) were set up to identify appropriate 

isolation crops and to generate information about the potential of pollen to take-off and 

travel for long distances. Meteorological measurements accompanied these experiments in 

order to identify climatic conditions favoring pollen take-off. 

 

In a second part, fundamental insights into cross-pollination events were gained by 

observing the flowering dynamics and the rate of cross-pollination on single pollen 

receptor plants. Correlations of cross-pollination with start of male and female flowering, 

ASI, synchronization of the male flowering of the yellow donor and female flowering of 

the white receptor, and plant and ear height, helped to identify the sources of large 

variations in the rate of cross-pollination within a same pollen receptor field, and the 

physiological factors enhancing cross-pollination. For the detection of cross-pollination, a 

yellow and white xenia kernel system was used. By using this system, a high sample rate 

could be gained.  

 

In a third part, the impact of climatic parameters like minimum and maximum temperature, 

humidity, gust speed, and wind direction on cross-pollination of single plants were 

analyzed. Up to now, all these factors were not tested in detail for single plants, because in 

previous studies methods were used which hardly allowed high sample rates (e.g. PCR), or 

because the full range of information provided by a method (e.g. grain color markers) was 

not completely exploited. 

 

In a fourth part of the study a system was developed to measure absolute plant heights (3D) 

automatically and to refer this data to detailed cross-pollination data. Kuparinen et al., 

(2007) considered topography as one important modifying factor for cross-pollination. The 

experiments were conducted in fields with variable inclination, and yellow and white 

maize was planted in different orientations. An UAV (unmanned aerial vehicle) was used 

for the generation of a digital surface model (DSM) of a maize field. This study gave 

information about the impact of slopes on cross-pollination. 
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2.1 Abstract 
 

Patterns of pollen dispersal have been investigated in depth in order to set objective 

parameters of coexistence of genetically modified (GM) and conventional maize. Within 

this context, the cross-pollination by xenia pollen is well quantified. Still, the contribution 

of pollen take-off to the rate of cross-pollination was not well investigated so far.  

 

In 2004 and 2005, 690 pollen traps were arranged at different locations relative to a maize 

field: in the maize field itself and in fields adjacent to the maize field, consisting of 

grassland or wheat stubble. The traps were positioned at two different heights: immediately 

above the tassel (0 m) in order to determine the total amount of pollen released, and at 1 m 

above the tassels, as a measure of pollen take-off. Rates of pollen take-off, i.e. the amount 

of pollen at 1 m relative to the amount of pollen just above the tassel, ranged from four to 

40 %; very high values correlated with strong winds. The amount of pollen at 1 m above 

tassel height was similar for grass and for wheat stubble. No clear proof was found that 

thermal up-winds are involved in pollen take-off above maize. A significant take-off of 

pollen was observed when strong winds coincided with flowering.  

 

 

2.2 Introduction 
 

The management of GM maize planted close to conventional maize is a topic of 

discussion. Several studies on cross-pollination of maize at short and long distances have 

been conducted in recent years (Byrne and Fromherz, 2003; Henry et al., 2003; Ma et al., 

2004; Messeguer et al., 2006). It is difficult to determine the reasons for long distance 

pollen dispersal because this depends on the interaction of complex atmospheric processes. 

The distance that heavy maize pollen travels is determined by horizontal wind movements 

(Raynor et al., 1972). Even though most of the pollen grains usually fall on the soil surface 

between the rows, cross-pollination can occur over several hundred meters (Luna et al., 

2001; Henry et al., 2003; Ma et al., 2004; Bannert and Stamp, 2007), which is regarded as 

a proof of aerobiological dispersal (Westbrook and Isard, 1999).  

 

Long-distance pollen dispersal occurs by three main processes: pollen take-off, 

atmospheric transport and settling down. Pollen take-off is the process by which shed 
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pollen is lifted into higher air layers, which facilitate atmospheric transport due to higher 

wind velocity (Campbell et al., 1999). The quota of pollen take-off depends on three main 

factors: genotype, interaction of genotype and meteorology, vertical and horizontal winds.  

 

First, the genotype determines the amount of pollen produced and the resulting pollen 

concentration around the tassels after shedding. Varieties differ in tassel size and in pollen 

quantum per tassel. Burris et al. (2002) report on estimates ranging from 14 to 50 million 

pollen grains in older varieties to 2 to 5 million in modern hybrids.  

 

Second, the concentration of pollen around the tassel also depends on meteorological 

factors, which will modify the duration and intensity of pollen shedding. The typical tassel 

is able to shed pollen for two to 14 days depending on the genotype and environmental 

factors, with the major pollen shedding occurring for five to eight days beginning on 

approximately the third day after the tassel is expanded (Burris et al., 2002; Jarosz et al., 

2003). However, most pollen shedding usually occurs within a two-day period (Treu and 

Emberlin, 2000; Wolt et al., 2003). During shedding the pollen is released for 

approximately four to five hours commencing approximately one hour after sunrise. The 

period may be delayed by one to two hours if the weather is cool and cloudy (Burris et al., 

2002). Maize pollen is released mainly during dry and drying conditions, once the air 

vapor pressure deficit increases above 0.2 to 0.5 kPa (Jarosz et al., 2005). 

 

Third, wind may also modify the take-off. When mature, the anthers are suspended on 

filaments that emerge from the tassel, and pollen is released from an opening at the tip of 

the anther. Even a slight breeze can release the pollen into the air when it is mature. Aylor 

et al. (2006) state that maize pollen is not released at a constant rate but rather erratic, 

when gusts of wind shake the ear. Most pollen is usually shed when the wind speed is low, 

and pollen travels only short distances (Aylor, 2003). Vertical winds, which are crucial for 

pollen take-off, can evolve from a thermal or turbulence. Irwin and Thresh (1988) report 

that a convective thermal with around 1 m s-1 vertical velocity is sufficient to distribute 

biota within the lowest 1000 m of the atmosphere within 15 min. However, strong 

horizontal winds can disturb the generation of strong thermal up-winds as the generation of 

thermal convective cells depend on large fluxes in temperature and low wind speed 

(Gryning and Batchvarova, 1999). Furthermore, strong horizontal winds can empty the 

anthers of pollen in the morning before a thermal is established. The landscape can modify 
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the generation of thermal up-streams and secondary winds, which are a consequence of 

different warming of the surface (e.g. dry wheat fields or cool grassland with subsequent 

changes in temperature due to wind) (Noilhan and Planton, 1989). 

 

The focus of the present study was on the vertical transport of pollen into the layer of air 

one meter above the tassel, and the transport of pollen at this height to the immediate 

vicinity of the maize field, as influenced by the type of soil cover (such as grassland and 

wheat stubble). Furthermore, other factors (genotype, date of exposure, meteorological 

conditions) were considered. 

 

 

2.3 Material and Methods 
 

2.3.1 Experimental conditions 
The field experiments were conducted near Zurich in Switzerland (latitude 

8° 40‘ 60‘‘ N, longitude 47° 25‘ 60‘‘, altitude 516 m). The climate is temperate with an 

annual precipitation of about 1,100 mm (with a maximum of 140 mm in June and July) and 

an average temperature of 7.9 °C, with highest values in July (16.7 °C). The prevailing 

wind direction in July and August is usually West to Northwest.  

 

During the growing seasons 2004 and 2005, three sites were chosen for the experiments 

(Figure 2.1). The sites are typical for the Swiss midlands with a hilly topography and 

characterized by small-field agriculture with wheat, maize and grassland. Soils are Eutric 

Cambisols with a sandy loamy texture.  
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Figure 2.1: Schematic representation of the three experimental sites in 2004 and 2005. The lines 
indicate the cords with the pollen traps. The potato strip at site 3 had a width of about 3 m. 
 

 

Three early maturity varieties were sown: LG21.85 (Limagrain, France), DSP17007 (DSP 

AG, Switzerland), and PR39G12 (Pioneer, Europe) (Table 2.1).  
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Table 2.1: Different experiments with variety, flower dynamic (start of flowering, main pollen 
shed and duration of flowering), start of exposure and duration, experimental surface, distance of 
the traps to the pollen donor and weather conditions (T max., wind max., relative humidity) at three 
sites in 2004 and 2005. 
 

Experiment 
 

M1 M2 M3 M4 M5 M6 

Year 2004 2005 2005 2005 2005 2005 

Variety LG 21.85 DSP 
17007 

DSP 
17007 

DSP 
17007 

PR  
39 G 12 

PR  
39 G 12 

Site 1 2 2 2 3 3 

Start of male 
flowering (date) 27.07. 22.07. 22.07. 22.07. 28.07. 28.07. 

Main pollen shed 
(date) 31.07. 27.07. 27.07. 27.07. 01.08. 01.08. 

Duration of male 
flowering (days) 11 13 13 13 11 11 

Start of traps 
exposure (date and 
time) 

31.07. 
(13.00) 

27.07. 
(16.00) 

29.07. 
(15.00) 

01.08. 
(12.00) 

01.08. 
(16.00) 

03.08. 
(16.00) 

Exposure duration (h) 48 43 67 72 42 42 

Experimental surface Maize 
Grassland 

Maize 
Stubble 

Grassland 

Maize 
Stubble 

Grassland

Maize 
Stubble 

Grassland

Maize 
Stubble 

Grassland 

Maize 
Stubble 

Grassland

Distance of the traps 
to the border of maize 
field (m) 

- 
0 - 5 

- 
3 - 8 
3 - 8 

- 
3 - 8 
3 - 8 

- 
3 - 8 
3 - 8 

- 
3 - 8 
0 - 5 

- 
3 - 8 
0 - 5 

T max. (C°) during 
exposure 30.9 33.5 23.8 23.8 23.8 24.5 

Wind max. (km/h) 
during exposure 24 16 67 26 26 43 

Relative min. hum. 
(%) during exposure 26 32 37 38 47 33 
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The distance between the rows was 80 cm, and the final plant density was 99.000 plants 

ha-1. Cultivation (e.g. herbicide treatment and fertilizer application) was done according to 

the recommended agricultural practice to achieve a grain yield of 9 t per ha.  

 

 

2.3.2 Measurements 
Quantification of the take-off of maize pollen was done by means of adhesive pollen 

traps (Fonseca et al., 2002). Pollen was trapped on glass slides (26 x 76 mm) covered by 

double-coated adhesive strips (665, 3M Schweiz AG); only data from the upper side of the 

slides were analyzed, as pollen did not properly stick on the lower side. The slides were 

exposed on scaffolds with horizontal cords over three different surfaces (maize, grassland 

and wheat stubble, Figure 2.1) at 0 and 1 m above the maize tassel in six experiments (M1 

to M6, Table 2.1). Except of the measurements done above the maize fields consisting of 

six repetitions, each experiment had three repetitions with five traps at both heights for 

each surface type (690 pollen traps in total, Figure 2.1). The exposure period coincided 

generally with main pollen shed or shortly thereafter, and lasted for at least 42 h (Table 

2.1).  

 

Pollen contamination during transport of the slides was avoided by using closed plastic 

boxes.  

 

Pollen (viable and non-viable) was counted by fluorescence microscopy (Fonseca et al., 

2002). For excitation, a 420 – 480 nm filter (BP420-480) and for measuring the emission a 

515 nm filter (BA515) were used. Twenty digital pictures from different positions (random 

choice) on the object slide were taken with a color video camera (Sony, Model DXC-950 

P). One object slide had a total area of 19.76 cm². Each image represented an area of 

7.4 mm² of the object slide, in total 1.48 cm² (7.5 % of the total area) for 20 pictures. The 

data are presented as pollen cm-1 d-1 and are averaged over the measurement distance of 

5 m. 

 

During flowering, meteorological data (temperature, relative humidity, wind velocity and 

direction) were acquired in an interval of every minute from a weather station (Onset 

Computers; Massachusetts, USA) placed close to the sites (Table 2.1).  
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The flowering dynamics of 50 plants were monitored at each site every second day 

throughout pollen shedding (Westgate et al., 2003).  

 

 

2.4 Results 
 

Temperature, wind speed and relative humidity varied considerably during pollen-

release periods (Table 2.1). During a thunderstorm, low temperature (23.8 °C) coincided 

with high wind speeds (maximum of 67 km h-1) in M3. The highest temperature (33.5 °C) 

coincided with low wind speed (16 km h-1) in M2. Temperatures in M1 were unusually 

high (30.9 °C), whereas the other climatic parameters were normal.  

 

In both years, flowering started in the last 10 days of July and lasted for 11 to 13 days 

(Table 2.1). Main pollen shed occurred 4-5 days after start of flowering. 

 

The amount of pollen just above the tassel (0 m) was considered to represent pollen 

release; values 1 m above the tassels were considered to be representative of the take-off of 

pollen. At 0 m, the absolute values of pollen release varied from 12 (M4) to 312 (M1) 

pollen grains cm-2 d-1 (Figure 2.2) with the highest values recorded in 2004. At 1 m the 

values ranged from 3 (M4) to 42 (M3) pollen grains cm-2 d-1. In general, Site 1 in 2004 

(M1) showed the highest values, whereas the lowest values were recorded at Site 3 (M5 

and M6).    
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Figure 2.2: Average amount of pollen per day (pollen cm2 d-1) measured at tassel height (0 m) and 
one meter above the tassel. Bars are the average of trapped pollen and vertical lines are the standard 
error of means.  
 

Relative pollen take-off ranged from 4 % (M1) to 40 % (M3) above the tassel (pollen 

number at 1 m as percentage of the pollen number at 0 m above tassel height) (Figure 2.3). 

For the year 2005, the highest value of 40 % (M3) was related to a maximum wind speed 

of 67 km h-1 and the lowest value in 2005 of 7 % (M2) to a low wind speed of 16 km h-1 

with the highest pollen amount at 0 m. 
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Figure 2.3: Percentage of pollen 1 m above the tassel in relation to right above the tassel (0 m).  

 

In a distance of three to eight meters from the pollen source, number of pollen grains for 

1 m was mostly substantially lower for grassland and wheat stubble surfaces than for maize 

(1 m) (Figure 2.4). For wheat stubble and grassland no significant differences existed in 

amount of pollen except for M5 and M6.  
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Figure 2.4: Quantity of maize pollen per day (pollen cm-2 d-1) above the maize field and above 
grass and wheat stubble (distance to maize border: 0 or 3 m). All traps were 1m above tassel height. 
Bars represent the average amount of pollen; vertical lines represent the standard errors of the 
means. Bars with different letters differ significantly at p≤0.05 (t-test).  
 

 

2.5 Discussion 
 

The morphology of a maize plant with its exposed male tassel and the gap in time 

between male and female flowering favors cross pollination; cross pollination over long 

distances is not favorable for the coexistence of transgenic and non-transgenic plants. 

Therefore, additional knowledge of turbulence and the thermal transport of pollen is 

required (Aylor et al., 2003; Jarosz et al., 2003). Little is known about the behavior of 

pollen over different thermal surfaces that can influence pollen transport outside maize 

fields (Loos et al., 2003). Cool or hot surfaces over areas of grassland and wheat stubble, 

respectively, are extreme conditions, under which thermal up-winds in agricultural systems 

are initiated (Noilhan and Planton, 1989). As the speed of the wind was generally high and 
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the duration of windy weather long, horizontal pollen movement may have been favored; 

however, this would have reduced the generation of thermal convective cells, which 

depend on the flow of heat at low wind speed. M5 and M6 (Figure 2.4) revealed respective 

differences between the areas of grass and wheat. This can be explained by the different 

distance of wheat stubble and grass to the pollen source. However, M2 – M4 evidenced no 

differences between wheat stubble and grass under same conditions. 

 

Dynamics of flowering have an impact on absolute pollen values (Loos et al., 2003). Due 

to the different quantities of released pollen per time unit, there was a large variation in the 

amounts of pollen per day observed on the traps. The highest values were found mainly in 

experiments during the peak period of pollen production and the lowest values at the end 

of flowering (M2 – M4). According to Jarosz et al. (2003), the major period of daily maize 

pollen release occurs from mid-morning to mid-day. To exclude such diurnal effects, 

pollen trapping was performed over periods longer than 42 h in this study.  

 

The flowering period of the whole plant stand varied from 11 to 13 days, which was 

related to the genotype. At a single plant level, flowering lasted between five to eight days, 

confirming the results of other studies (Burris et al., 2002; Jarosz et al., 2003). This 

indicates a homogenous flowering of the plant stands.  

 

The variety of the stand had a strong impact on the rates of absolute pollen take-off. 

Experiment M1 was performed with the hybrid variety LG 21.85, experiments M2 to M4 

with the hybrid variety DSP17007 and experiments M5 and M6 with PR39G12. DSP17007 

and LG 21.85 have a high number of side branches and a high quantity of pollen plant-1, 

whereas PR39G12 has a low amount of pollen. Across experiments (Figure 2.2) PR39G12 

released lower amounts of pollen (0 m) and had a lower potential for pollen take-off (1 m).  

 

Unusually high values of pollen cm-2 d-1 were observed in experiment M3, 1 m above the 

maize field as well as over grassland and wheat. Measurements were begun after 

exceptionally hot, dry and slightly windy weather. According to Jarosz et al. (2005), hot 

and dry weather favors pollen release, but without an “initial gust of wind” pollen are 

accumulated in their anthers. A sudden thunderstorm directly then with maximum wind 

speeds of up to 67 km h-1 probably accounted for the high rates of pollen take-off, as 
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postulated by Jarosz et al. (2003). Indeed, the lowest rates of pollen take-off and the 

highest rates of pollen release occurred in M2 in 2005, which had the lowest wind speeds.  

In conclusion, the vertical transport of pollen into air layers above the tassel was more 

dependent on strong winds such as during thunderstorms, than on thermals. Under the 

conditions in our experiments, surfaces in the close vicinity of maize combined with 

different thermal properties had only a small impact on amount of pollen one meter above 

the maize tassel. 
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3 Effect of flowering and morphology of 
single plants on cross-pollination in 
maize (Zea mays L.) 
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3.1 Abstract 
 

Gene flow through pollen dispersal is a problem for the coexistence of conventional or 

organic and genetically modified (GM) maize production systems, and for the maintenance 

of seed purity in seed production. The objective of this study was to determine the impact 

of morphological and physiological traits of single maize plants in a plant stand on the rate 

of cross-pollination. In 2005 and 2006, two field experiments were conducted with a non-

transgenic white-pollen receptor hybrid (DSP 17007) in close proximity to yellow hybrids 

of the same maturity class as the pollen source. The experiments were performed in the 

canton of Zurich, Switzerland. The progress of flowering was monitored on 2400 and 2700 

single plants throughout the period of pollen shedding. On the same plants, the height of 

the plants and the ears as well as the rate of cross-pollination was measured after 

flowering.  

 

In both years, the synchronization of female flowering of the white receptor plants with the 

male flowering of the yellow donor plants (ASI2) was better than the synchronization with 

the male flowering of the white receptor plants (ASI1). The rate of cross-pollination was 

dependent on wind exposition, and ranged from 0.5 % at a distance of 15 m to 21 % at a 

distance of 0.8 m. Plant and ear height of the receptor field tended to correlate negatively 

with cross-pollination. Female flowering was closely associated with other flowering traits 

(r = 0.71 – 0.8) and correlated closest and positively with cross-pollination, up to r = 0.72 

in 2006. In 2005, positive correlations were found mainly in the border row of the receptor 

field. Accordingly, the likelihood of cross-pollination increases the later flowering occurs 

in the receptor field, when there is a decrease of receptor pollen in the field. 

 

 

3.2 Introduction 
 

Maize is a wind-pollinated, monoecious diclinous plant with a cross-pollination rate of 

about 95 %. Depending on genotypic and environmental factors, the tassels of maize may 

shed pollen over a period of two to 14 days with the major portion from five to eight days 

(Burris et al., 2002; Jarosz et al., 2003; Westgate et al., 2003). It is reported that silking 

tends to mirror the dynamics of anthesis but occurs later (Anthesis Silking Interval, ASI), 

depending on environmental and genetic factors (Westgate et al., 2003; Borrás et al., 



Effect of flowering and morphology of single plants on cross-pollination in maize 

 31  

2007). Anderson et al. (2004) report a rapid decline in silk receptivity 14 days after silk 

emergence. Modern hybrid varieties produce about two to five million pollen grains per 

plant (Burris et al., 2002).  

 

The European Parliament established a threshold of 0.9 % for the unavoidable presence of 

GMOs in maize (EC, 2003b; EC, 2003c). Isolation by time and space are two potential 

strategies for reducing the flow of transgenic pollen to neighboring conventional or organic 

fields. In order to clearly define the temporal and physical distances between fields to 

maintain the rate of cross-pollination below the threshold, flowering dynamics, i.e. the 

synchronicity between the donor and receptor field, and pollen properties, such as 

dispersion distance and longevity, must be characterized (Luna et al., 2001; Ma et al., 

2004; Stevens et al., 2004; Goggi et al., 2007). 

 

Several studies have examined the dynamics of maize flowering in a field population. 

Westgate et al. (2003) and Borrás et al. (2007) focused on the relationship between 

flowering properties and yield parameters. Halsey et al. (2005), Goggi et al. (2006) and 

Della Porta et al. (2007) examined the effect of temporal isolation on cross-pollination. 

They found that, with good synchronizations of the donor and receptor, high rates of cross-

pollination are expected, but also that temporal isolation can lead to a much lower rate of 

cross-pollination. Hardly any work has been done on cross-pollination events of single 

plants, even though early or late receptor plants were considered to be one causer for 

unexpectedly high rates of cross-pollination (Aylor et al., 2003). It was observed that 

isolated late-flowering plants contributed proportionally more to cross-pollination than 

early or average plants (Bannert, personal communication). The highly exposed situation 

of retarded plants to adventitious pollen (Aylor et al., 2003) is accentuated when these late-

flowering plants are in synchrony with the pollen donor plants; a lower amount of receptor 

pollen in the receptor field favors fertilization by external pollen. However, the 

contribution of single plants to the final rate of cross-pollination has not been investigated 

in detail and knowledge on single modifying factors is still scarce up to this day. 

 

The aim of this study was to study selected flowering and morphological attributes such as 

the start and dynamics of male and female flowering, anthesis silking interval, 
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synchronization of donor and receptor plants and plant and ear height of single plants in a 

pollen-receptor field; their effect on the rate of cross-pollination was investigated.  

 

Cross-pollination by an external GM crop was simulated here with conventional yellow-

grain maize; out-crossing is clearly visible on white-grain receptor maize (Ma et al., 2004; 

Stevens et al., 2004; Goggi et al., 2006; Bannert and Stamp, 2007).  

 

 

3.3 Material and Methods 
 

3.3.1 Description of the site 

Field trials were conducted at two locations in the canton of Zurich, Switzerland 

(longitude 8° 40‘ 60‘‘ N, latitude 47° 25‘ 60‘‘, altitude 516 m) in 2005 and 2006. The 

climate is temperate with an annual precipitation of about 1,100 mm (with a maximum of 

140 mm in June and July) and an average temperature of 7.9 °C with the highest values in 

July (16.7 °C). Both locations are typical of the Swiss midlands with a mixture of woods, 

settlements and intensive agricultural areas with wheat, maize and grassland areas in a hilly 

topography. The soil is Eutric Cambisol with a sandy loamy texture.  

 

 

3.3.2 Maize varieties 

Xenia effects were used to detect cross-pollination by selecting maize varieties with 

different inherited grain color. For pollen receptor fields, the white-grain experimental 

hybrid DSP17007 (Delley Seeds and Plants Company, Switzerland) was used, which is 

agronomically comparable to actual hybrids. The seed contamination of DSP17007 by 

yellow kernels was very low of around 0.004 %. Two other early-maturing yellow-grain 

hybrids Axxur and LG22.65 were used for the pollen donor fields in 2005 and 2006, 

respectively. Due to the dominant yellow grains, the cross-pollination rate was measured 

by assessing the proportion of yellow kernels on white-grained ears. 

 

 

3.3.3 Field experimental design 

In 2005, a receptor area of white-grain maize of about 0.5 ha (70 m x 70 m) was located 

in the centre of the yellow donor area (3 ha). Four sampling blocks (19.2 m x 20 m each) 
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were located in the corners of the receptor area and four sampling blocks (5 m x 30 m 

each) between the blocks. In 2006, two receptor areas of 0.26 ha (30 m x 86 m) and 

0.32 ha (37 m x 86 m) were located inside yellow donor areas of 0.8 ha. Four sampling 

blocks respectively (four times 14.4 m x 20 m and four times 16.8 m x 20 m) were located 

in the receptor areas.  

 

 

3.3.4 Cultural procedures and crop management 

The distance between the rows was 80 cm, and the final plant density was about 9.9 

plants per m2. Herbicide treatments and fertilizer applications were done according to the 

recommended agricultural practice to achieve a desired grain yield of 9 t per ha.  

 

In 2005, white- and yellow-grain hybrids were sown on 3 and 12 May, respectively. Due to 

prolonged rainfall in 2006, both hybrid types were sown 28 May. 

 

 

3.3.5 Meteorological measurements 

During flowering, wind direction, wind speed, air moisture, air temperature and 

precipitation were measured by a weather station (HOBO Weather Station; Onset 

Computer Corporation, MA, USA) in the receptor fields.  

 

 

3.3.6 Sampling 

In the receptor blocks, sampling points were in every third row, 2.5 m apart. There were 

five plants at each sampling point. In 2005, 2400 plants were sampled and in 2006, 2700 

plants. 

 

To determine the average number of kernels per ear, 20 ears each from early-, mid- and 

late-flowering plants were randomly chosen and all the kernels counted. This was taken as 

the basis for the percentage calculation of cross-pollination, since the five ears at the 

sampling points were counted for the occurrence of yellow grains only.  
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3.3.7 Assessment of flowering and measurement of plant and ear height 

The progress of flowering of each sampled plant was monitored throughout the pollen-

shed period according to Westgate et al. (2003). Male flowering (MF) was divided into the 

following three classes: start of flowering with first extruded anthers on the main tassel 

branch, maximum pollen shed of the main tassel branch and side branches, and end of 

pollen shed. For female flowering (FF), the first day of silk emergence was recorded. At 

that time, the silks had a typical length of one to two cm. The internal anthesis silking 

interval of DSP17007 (ASI1) and the external anthesis silking interval of yellow male 

flowers and white female flowers (ASI2) were derived from this data. The height of the 

plants and the ears was measured on the same plants after anthesis.  

 

Male flowering of the yellow donor plants was monitored on 50 (5x10) randomly chosen 

plants. 

 

 

3.3.8 Complementary trial 

In a complementary trial in 2005, the cross-pollination was measured on pre-selected 

early, average and late plants. Ninety white receptor plants were chosen in the first three 

rows adjacent to the yellow donor variety, providing in each row ten early, ten average and 

10 late flowering plants. As a basis for calculating the percentage of cross-pollination, the 

total number of kernels was determined for each class of early, average and late plants.  

 

 

3.3.9 Statistics 

Statistical analyses were performed with SPSS (Version 11.0, SPSS Inc., Chicago, IL 

USA) and R (Version 2.0.1).   

 

The Pearson correlations of cross-pollination with flower and morphological traits were 

calculated at the start of male flowering (MF) as days after planting (DAP), start of female 

flowering (FF in DAP), anthesis silking interval (ASI1), synchronization between yellow 

male flowers and white female flowers (ASI2), plant height (PH) and ear height (EH). The 

derived value “ASI2” is the absolute value (abs) of the difference between the start of male 

flowering of 50 % of the yellow plants (avgDAP ye) and the start of female flowering of 

the respective receptor plant (DAP wh) (ASI2 = abs(avgDAP ye – DAP wh). 
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The cross-pollination rate was divided by two, taking into account that commercial 

transgenic maize hybrids are usually heterozygous for the transgene. 

 

3.4 Results 
 

3.4.1 Flowering dynamics of the receptor (white) and donor (yellow) hybrids  
Male flowering started 71 days after planting (DAP) and 57 DAP in 2005 and 2006, 

respectively (Figure 3.1). Within the first 5 days, 64 % of all the male plants had begun to 

flower in 2005, while in 2006 only 46 % of all the female plants had begun to flower. In 

both years, after the first seven days of flowering, only 15 % of all the plants showed a 

delay in pollen shedding. 
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Figure 3.1: Start of male and female flowering of the white hybrid DSP in 2005 and 2006. The 
short dashed vertical lines indicate 50 % of male flowering of the yellow donor.  
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Pollen shed occurred in a left lopsided Gaussian distribution curve over a period of 22 days 

in both years (Figure 3.1). The typical 50 % benchmark for anthesis in the receptor field 

was reached after four (2005) and six (2006) days.  

 

Female flowering in the receptor field started 76 DAP (2005) and 61 DAP (2006) (Figure 

3.1). The 50 % benchmark was reached after four (2005) and five (2006) days. 

 

In 2005, ASI1 for single plants varied within the receptor field between 0 and 13 days 

(mean 4.9 days, ± 1.75 d) (Figure 3.1). In 2006, under dry conditions, ASI1 was not 

significantly different from 2005, but the variance was larger (mean 4.4 days, ± 2.1 d).  

 

In 2005, most of the silks in the receptor field emerged after the beginning of yellow and 

white pollen shed. The emergence of the silks was more synchronous with the yellow than 

with the white pollen shed. In 2006, most of the receptor silks emerged after the shedding 

of white pollen and before the shedding of yellow pollen; only a small fraction of late-

emerging silks was exposed to yellow pollen. 

 

 

3.4.2 Height of the plant and ear 

In 2005, the plants were generally higher than in 2006 (Table 3.1). In both years, the 

white plants were clearly higher than the yellow ones (by 17 cm and 11 cm, respectively), 

though the donor (yellow) tassels were still in a much higher position than the receptor 

(white) ears in 2005 (131 cm) and 2006 (116 cm). 

 

 

Table 3.1: Plant height of white (PHW) and yellow (PHY) maize and ear height of white maize 
(CHW). Numbers in brackets refer to the number of replications. 
 

 PHW [cm] ± SD (n) CHW [cm] ± SD (n) PHY [cm] ± SD (n) 

2005 282± 26(1807) 134 ± 12 (2011) 265 ± 34(49) 

2006 225± 21 (2042) 98 ± 13 (2644) 214± 14 (44) 
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3.4.3 Cross-pollination at the population level 
In general, the rate and the variance of cross-pollination were highest close to the pollen 

donor field. With increasing distance, the rate of cross-pollination decreased exponentially 

(Figure 3.2); the corresponding values were usually significantly higher on downwind 

sides than on upwind sides (data not shown).  
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Figure 3.2: Boxplot diagram of cross-pollination [%] at different distances from the pollen source. 
The legal labeling threshold of 0.9 % is marked by a dashed line. 
 

 

Mean values for cross-pollination were higher in 2005 than in 2006. At nearly all distances 

from the pollen donor, there were plants without cross-pollinations. In 2005, the official 

0.9 % threshold was reached at 15.2 m from the pollen source. In 2006, the threshold was 

reached in average at 8 m (12.8 m on downwind side and 5 m on upwind side, data not 

shown).  
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3.4.4 Cross-pollination at single plant level 
 

3.4.4.1 Correlations of cross-pollination with flower traits and morphological traits  
Analysis of all measured traits showed that female flowering was highly correlated with 

male flowering, ASI1 and ASI2 in both years (r = 0.71 to 0.80, data not shown). Therefore, 

only female flowering was used for further correlations with cross-pollination.  

 

The respective correlations were calculated separately for all directions and distances from 

the pollen-donor field. The patterns of correlation were similar in all directions, but were 

most constant in the main wind direction; hence, only those data are shown. 

 

In 2005, significant positive correlations were found at short distances to the pollen source 

(0.8 m and 3.2 m); whereas in 2006 they were found at almost all distances (Table 3.2).  

 

 

Table 3.2: Pearson correlations of the start of female flowering (FF) and cross-pollination (CP) in 
the main wind direction and at different distances from the pollen source.  
 

Distance to pollen 

source [m] 

Correlation of start of FF with 

CP (r-value, 2005) 

Correlation of start of FF with 

CP (r-value, 2006) 

0.8 0.66** 0.34** 

3.2 0.68** 0.65** 

5.6 0.16 0.52** 

8 -0.11 0.12 

10.4 0.26 0.72** 

12.8 0.45 0.56** 

15.2 0.32 0.13 

**P≤0.01 
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3.4.4.2 Complementary trial 
With increasing distance to the pollen donors (rows 1 to 3, i.e. 0.8 and 2.4 m), rates of 

cross-pollination decreased strongly (Figure 3.3). The rates were significantly higher for 

late than for early plants. Cross-pollination of the early plants was usually detected at the 

top of the ear; for later plants, the cross-pollination was distributed equally along the ear. 
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Figure 3.3: Cross-pollination of early, average and late flowering plants in the first three rows to 
the pollen donor; the lower part of the bars represents the cross-pollination at the base of the ear, 
the centre and the top of the bars corresponds to the centre and the top of the ear.  
 
 

3.5 Discussion 
 

Cross-pollination decreased exponentially over the first 6 m from the pollen-donor field; 

it was below 0.9 % beyond distances of 15 m to the pollen source, but significant 

differences depending on the wind direction were found mainly over the first 10 m to the 

pollen source. This confirms the findings of Ma et al. (2004) and Della Porta et al. (2007). 

Bannert et al. (2007) showed that eight pollen donor rows (6 m) adjacent to or surrounding 

a pollen receptor area are sufficient to reach a maximum rate of cross-pollination in this 
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area. Pollen from further away seems to play only a secondary role. Therefore, only small 

amounts of donor pollen are probably transported further than 6 m into the receptor areas, 

what is supported by our results, which show a low rate of cross-pollination beyond 6 m. 

Cross-pollination behind 6 m is probably caused by non-standard means of pollen dispersal 

such as thermals and turbulence.  

 

 

3.5.1 Flower traits and pollen competition 
In both years, pollen shedding and female flowering occurred over a period of 22 days, 

as also found by Bannert et al. (2007), who used the same receptor hybrid. However, 

Westgate et al. (2003) reported a pollen shedding period of 10 to 12 days. These 

differences may be due to genotypic differences, but the high sampling rate in this study 

may have included rare events to a greater extent. 

 

In both years, the mean ASI1 was similar and rather long (3 to 4 days), but the variation 

was slightly higher in 2006, probably due to the unfavorable climatic conditions (hot and 

dry summer) (Bolanos and Edmeades, 1996). Plant stands with an extended ASI have a 

higher number of plants where the flowering of the ear is not synchronous to pollen 

shedding; in particular, late plants and the tip and bottom of the ears are most susceptible 

to adventitious pollen because of the low internal availability of pollen (Aylor et al., 2003; 

Borrás et al., 2007). The heights of the plant and the ear were substantially lower in 2006, 

which supports the assumption that the plants were more drought-stressed than in 2005 

(Veldboom and Lee, 1996). Water deficit favors asynchrony between pollen shedding and 

silk appearance (Hall et al., 1982; Bruce et al., 2002).  

 

In both years, the external ASI2 was smaller than the internal ASI1. This made white 

plants more susceptible to yellow pollen, which may have favored cross-pollination in both 

years. However, cross-pollination was lower in 2006, probably due to the fact that the 

“perfect nick” happened only in 2005 (Aylor et al., 2003). 
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3.5.2 Late female flowering promotes higher rates of cross-pollination 
We proved that late-flowering plants showed higher rates of cross-pollination in our 

experiments. Late receptor plants are supposed to be responsible for exceptional rates of 

cross-pollination (Bannert, personal communication). The high number of single plants 

that were measured allowed a unique correlation between cross-pollination and 

morphological and physiological traits. The date of female flowering was well correlated 

internally with other flowering traits (e.g. male flowering and ASI1 and ASI2 in both 

years) and it was most consistently correlated with rates of cross-pollination. In both years, 

a proliferation of pollen at the beginning of flowering was followed up by a slow decrease 

of pollen after the main phase of pollen shedding. The amount of internal pollen is strongly 

associated with the competitiveness with foreign pollen. Aylor et al. (2003) hypothesized 

that late-flowering plants are generally more prone to cross-pollination. The correlations 

between female flowering and cross-pollination support this hypothesis. Lower 

correlations in 2005 may be due to the more synchronized flowering. As the correlations 

were constantly positive over most distances, the susceptibility of retarded plants to foreign 

pollen existed up to 15 m from the pollen source. The high rates of cross-pollination in 

plants lacking in internal pollen supply supports the findings of Goggi et al. (2007). They 

observed that, in seed-production fields with a low density of local pollen, the chances of 

cross-pollination are significantly higher. Especially at larger distances, plants may be 

more affected by cross-pollination due to a lower density of local pollen. However, a 

reduction of pollen quantity and its effect on the rate of cross-pollination of single plants 

was not considered.  

 

The highest rates of cross-pollination were observed at the tip and at the base of the ear, 

especially for early-flowering plants. Since flowering starts in the mid section of the ear, it 

was exposed to a higher density of its own pollen and is less susceptible to adventitious 

pollen (Lizaso et al., 2003).  

Compared to female flowering, the correlation of plant and ear height with the rate of 

cross-pollination was significant only at some distances and was usually negative, as 

expected due to the greater height of early-flowering plants. 
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3.5.3 Conclusion 
The results of this study demonstrate that the extent of cross-pollination depends largely 

on known variables (wind direction, distance to pollen source and flowering synchrony), 

but also on the synchronization and dynamics of female flowering of single plants. In spite 

of a perfect synchronization of pollen donor and receptor, cross-pollination can increase at 

the end of flowering. This can explain to some extent the high variability of cross-

pollination at the same distances, as often reported (Ma et al., 2004; Goggi et al., 2006; 

Della Porta et al., 2007; Weekes et al., 2007).  

 

Therefore, homogenous plant stands without late (and early) plants should have lower rates 

of cross-pollination. 
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4 Effect of climatic conditions on pollen 
clumping and cross-pollination in maize 
(Zea mays L.)  
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4.1 Abstract 
 

In genetically modified (GM) maize production systems and in the production of hybrid 

seed, control of pollen dispersal is critical for the coexistence with conventional production 

systems or for maintaining seed purity. The impact of climatic factors on pollen clumping 

and cross-pollination was studied here. 

 

To simulate cross-pollination, two field experiments with “white-grain” receptor areas 

(DSP 17007) and “yellow-grain” donor areas were performed in the canton of Zurich in 

Switzerland in 2005 and 2006. The day after silk exertion of about 2,500 single plants was 

taken as the basis for associating climatic data (day and night temperature, relative 

humidity, gust speed and average wind direction) with data on cross-pollination. All 

factors had scattered significant correlations, but the minimum temperature at night had the 

strongest effect on the rate of cross-pollination; consistent negative correlations indicated 

that the rate of cross-pollination decreased as temperatures at night decreased. 

Complementary field and growth chamber experiments proved a negative impact of higher 

temperature at night on the success of pollination. Depending on the genotype, higher 

temperatures at night promoted pollenkitt formation, leading to pollen agglutination and a 

reduced kernel set. 

 

 

4.2 Introduction 
 

Since genetically modified (GM) maize (Zea mays L.) was put on the market in 1996, 

concerns about the purity of maize products were expressed mainly in Europe. In 

particular, male flowering has been an object of interest, because pollen is an important 

factor in transmitting transgenes to conventional or organic cultures or even to fields 

destined for hybrid seed production (Ireland et al., 2006; Goggi et al., 2007).  

 

Most approaches for quantifying and qualifying pollen dispersal are either designed to 

predict pollen flow by means of models, which is reviewed in Kuparinen (2006) or to 

reproduce patterns of pollen flow in field experiments (Ma et al., 2004; Stevens et al., 

2004; Goggi et al., 2006; Bannert and Stamp, 2007; Della Porta et al., 2007; Bannert et al., 

2008). 
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Results of field experiments may differ due to climatic conditions and differences in the 

design of the field plots (Loos et al., 2003). To reduce the complexity of cross-pollination 

to a common model, extensive knowledge of factors with a major impact on cross-

pollination is required. Kuparinen (2006) stated that more data on pollen dispersal as well 

as precise meteorological and environmental measurements are required to validate 

mechanistic dispersal models. It is still unclear to which extent different climatic factors 

are involved in cross-pollination, because fine-resolution data are required for a combined 

analysis. 

 

The effect of climatic factors, mainly temperature (Goss, 1968; Schoper et al., 1987a; 

Aylor et al., 2003), humidity (Goss, 1968; Barnabas, 1985; Garcia et al., 1998; Traore et 

al., 2000) and atmospheric water potential (Luna et al., 2001), on pollen dispersal and 

pollen viability has already been reported. Pollen dispersal shows different distribution 

curves depending on the time scale: a)  the flowering dynamics over a few days (Goggi et 

al., 2006) and b) the diurnal distribution depending on temperature and humidity (vapor 

pressure deficit) (Jarosz et al., 2003; Jarosz et al., 2005). A vapor pressure deficit increases 

in the morning when temperatures increase and humidity decreases. Pollen release begins 

when the vapor pressure deficit is above 0.2 and 0.5 kPa. Strong gusts of wind shortly 

before thunderstorms can contribute considerably to pollen dispersal in the close vicinity of 

receptor areas (unpublished data). 

 

In general, senescence of the silks begins about seven to eight days after their emergence 

from the husk (Bassetti and Westgate, 1993a; Bassetti and Westgate, 1993c; Bassetti and 

Westgate, 1993b; Anderson et al., 2004). The first exposed silks, from the mid-third of the 

ear, are generally the first senescent silks. Successful development and fertilization of the 

silk can be hampered by adverse conditions such as a water deficit. 

 

Clumping of pollen can also hamper fertilization (Pacini and Hesse, 2005). Clumping is 

caused by pollenkitt, consisting of carotenoids, saturated and unsaturated lipids, 

flavonoids, proteins and carbohydrates. Clumping of pollen can diminish the amount of 

pollen transported by the wind or can hamper fertilization. Climatic factors were 

considered to play a role in the clumping of pollen. Because pollenkitt is composed mainly 

of lipids and because it is hydrophobic it is hypothesized that pollen clumping is less 
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affected by humidity and is affected to a greater extent by temperature (Pacini and Hesse, 

2005). 

 

The formation of pollen clumps occurs in maize, but the climatic conditions that favor 

clumping have not been investigated thus far. Furthermore, studies about pollenkitt 

formation in different maize varieties and its impact on pollen clumping are not available 

(personal communication, M. Hesse, University of Vienna, Austria). 

 

Color of the seed was widely used to trace cross-pollination in maize (Ma et al., 2004; 

Stevens et al., 2004; Goggi et al., 2006; Bannert and Stamp, 2007; Della Porta et al., 2007; 

Haegele and Peterson, 2007; Langhof et al., 2008). A single gene (y1) accounts for the 

white or yellow color of the seeds in the endosperm (Buckner et al., 1996). This system has 

advantages compared to other methods, because cross-pollination of single plants can be 

detected easily and the method enables a high number of samples with a fine resolution. 

However, despite the fact that grain-color markers are a powerful tool to gain detailed 

results, the amount of detailed information was often not completely used, because it could 

not be broken down sufficiently to extract data on the cross-pollination of single plants. 

 

The objective of the present study was to measure the effect of meteorological factors on 

the rate of cross-pollination of single plants; it is still unclear to which extent different 

climatic factors are involved in the cross-pollination of single plants.  

 

 

4.3 Material and Methods 
 

4.3.1 Cross-pollination 
 

4.3.1.1 Description of the site 
Field trials were conducted at two locations in the canton of Zurich in Switzerland 

(longitude 8° 40‘ 60‘‘ N, latitude 47° 25‘ 60‘‘, altitude 516 m) in 2005 and 2006. The 

climate is temperate with an annual precipitation of about 1,100 mm (with a maximum of 

140 mm in June and July) and an average temperature of 7.9 °C with the highest values 

(16.7 °C) in July. Both locations are typical of the Swiss midlands with a mixture of 
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woods, settlements and intensive agricultural areas with wheat, maize and grassland areas 

in a hilly topography. The soil is Eutric Cambisol with a sandy loamy texture.  

 

4.3.1.2 Maize varieties 
Xenia effects were used to detect cross-pollination by selecting maize varieties with a 

different inherited grain color. For pollen receptor fields, the white-grain experimental 

hybrid DSP17007 (Delley Seeds and Plants Company, Switzerland) was used, which is 

agronomically comparable to actual hybrids. The seed contamination of DSP17007 by 

yellow kernels was very low, around 0.004 %. Two other early-maturing yellow-grain 

hybrids, Axxur and LG22.65, were used for the pollen donor fields in 2005 and 2006, 

respectively. Due to the dominant yellow grains, the cross-pollination rate was measured 

by assessing the proportion of yellow kernels on white-grain ears. 

 

4.3.1.3 Design of the experimental field  
In 2005, a receptor area of white-grain maize of about 0.5 ha (70 x 70 m2) was located 

in the centre of the yellow donor area (3 ha). Four sampling blocks (each 19.2 x 20 m2) 

were located in the corners of the receptor area and four sampling blocks (each 5 x 30 m2) 

between the blocks. In 2006, two receptor areas of 0.26 ha (30 x 86 m2) and 0.32 ha (37 x 

86 m2) were located inside the yellow donor areas (0.8 ha). Four sampling blocks 

respectively (four times 14.4 x 20 m2 and four times 16.8 x 20 m2) were located in both 

receptor areas. In 2006, the design was optimized to reduce unwanted edge effects 

(respective plants were not analyzed). 

 

4.3.1.4 Cultural procedures and crop management 
The distance between the rows was 80 cm, and the final density was 9.9 plants m-2. 

Herbicide treatments and fertilizer applications were done according to the recommended 

agricultural practice to achieve a desired grain yield of 9 t ha-1.  

 

In 2005, white- and yellow-grain hybrids were sown on 3 and 12 May, respectively. Due to 

prolonged rainfall in 2006, both hybrid types were sown on 28 May. 
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4.3.1.5 Sampling 
In the receptor blocks, the sampling points, 2.5 m apart, were located in every third row. 

There were five plants at each sampling point. In 2005, 2,400 plants were sampled and in 

2006, 2,700 plants. 

 

To determine the average number of kernels per ear, 20 ears each from early-, mid- and 

late-flowering plants were randomly chosen and all the kernels counted. This was taken as 

the basis for the calculation of the percentage of cross-pollination, since the five ears at the 

sampling points were counted for the occurrence of yellow grains only.  

 

4.3.1.6 Meteorological measurements and flower assessment 
During pollen shed, a weather station (HOBO Weather Station; Onset Computer 

Corporation, Pocasset, MA, USA) in the receptor fields measured wind direction, wind 

speed, air moisture, air temperature and precipitation. Weather data were averaged and 

stored every 2 min by using a data logger from the same company. Wind speed and 

direction were measured at 3 m above the soil surface. 

 

The progress of flowering of 2,400 plants in 2005 and of 2,700 plants in 2006 was 

monitored every other day throughout the pollen shed period (c.f. Westgate et. al, 2003). 

The number of yellow xenia grains on white ears was counted on the same plants. The 

flowering dates were necessary to associate the cross-pollination of single plants with the 

recorded climatic conditions at a given day. The male flowering of about 50 yellow donor 

plants was monitored every other day in both years. 

 

 

4.3.2 Pollen quality 
 

4.3.2.1 Field studies 
In 1992 and 1993, two field experiments were performed in the southern Magadino 

valley of Switzerland. The soil was an Eutric Fluvisol with a loamy sand texture. The lines 

F2, a good pollinator, and 1317D, a line with a fluctuating pollinating efficiency, were 

crossed on 1360D, a good pollen receptor. There were five sowing dates in 1992 and 14 
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sowing dates in 1993 (sown from May 1 till July 20), each with three repetitions. On all 

sowing dates, 30 plants were pollinated with each pollen donor (F2 and 1317D).  

 

The stigmas were counted at flowering, and the kernel set was calculated as the correlation 

of available stigmas to available kernels at harvest. Pollination was carried out once with a 

handmade spoon that contained pollen corresponding to around 150 % of the stigmas of 

the pollen receptor.  

 

The climatic data (temperature and humidity) were obtained from the NABEL Net 

(Nationales Beobachtungsnetz für Luftfremdstoffe), set up next to the experimental fields. 

 

4.3.2.2 Controlled temperature treatments 
In 1994, the same three genotypes as tested in the pollinating experiments were sown on 

May in an open glasshouse in 8-liter pots filled with the sieved loamy soil from the A level 

of the field. The pots were watered daily and received Hoagland solution once a week. 

Shortly before anthesis started, 24 plants of each of the two pollen donors used in the field 

studies were brought to two growth chambers. The night temperature (9:00 p.m. to 6:00 

a.m.) of which were 14 and 20 °C, respectively and the average daytime temperature of the 

glasshouse was 24 °C. The receptor plants were kept in the glasshouse throughout the 

experiment. Pollen agglutination was measured on fresh pollen (collected in the morning, 

at 9 a.m.) using a sieve tower with decreasing meshes widths (0.8, 0.4, 0.2 and 0.1 mm). A 

slight standard shock was provoked by an instrument specifically constructed to deliver 

equal pollen doses. The amount of pollen at the different sieve levels was measured by 

counting the covered grid cells of the sieve. 

 

Fluorescence microscopy (AX 70 TRF, Olympus Optical Co Ltd., Japan) was used for 

photometric measurements (λ = 453 nm) of the resolved cell substance to estimate the 

carotenoid content, a measure of the pollenkitt content. Three repetitions of donor pollen 

from both varieties (F2, 1317 D) were measured.  

 

4.3.3 Statistics 
Statistical analyses were performed with SPSS (Version 11.0, SPSS Inc., Chicago, IL, 

USA) and R (Version 2.0.1).   
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The Pearson correlations of cross-pollination with climatic factors were calculated with 

climatic variables on the day after the appearance of the silks of each sampled plant: 

maximum and minimum daily temperature, maximum and minimum daily relative 

humidity. Measurements were done from 9 a.m. to 3 p.m. (the pollen shed period) for 

relative humidity, maximum gust speed and average wind direction. 

 

To represent transgenic cross-pollination, where the transgene is usually heterozygous, the 

obtained rates of cross-pollination were halved. 

 

 

4.4 Results 
 

4.4.1 Cross-pollination 
 

4.4.1.1 Meteorological data 
The weather during maize flowering in 2005 and 2006 differed considerably (Table 

4.1). In 2005, the weather changed almost daily, whereas in 2006 the temperature was 

always high, decreasing at the end of flowering (data not shown). However, maximum and 

minimum temperature, minimum relative humidity and maximum gust speed were similar 

in both years (Table 4.1). 

 

 

Table 4.1: Meteorological data of the pollen shed period: maximum and minimum temperature, 
minimum relative humidity and maximum gust speed in 2005 (18 July – 2 August) and 2006 (27 
July – 15 August). 
 

 Max. Temp [°C] Min. Temp. [°C] Min. Relative 
Humidity [%] 

Max. Gust Speed 
[m/s] 

2005 33,5 11,8 32 6,31 

2006 31,3 9,4 28 8,53 
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4.4.1.2 Flowering of receptor (white-grain) and donor (yellow-grain) hybrids 
Table 4.2 presents pollen shed and silking of the white- and yellow-grain hybrids. In 

both years, pollen shed of the yellow pollen source and the silking of the white receptor 

were closer than the pollen shed and silking of the white receptor, thus favoring cross-

pollination. 

 

 

Table 4.2: Main flower (DAP, 50 % of flowering plants) of male and female inflorescences (± 
standard deviation, SD) of the white-grain receptor plants and the male inflorescence of the yellow-
grain donor plants in 2005 and 2006. 
 

Main flower of Average DAP ± SD (2005) Average DAP ± SD (2006) 

male flower white 76.7 ± 2.4 62.6 ± 3 

female flower white 81.6 ± 2.7 67 ± 3.5 

male flower yellow 78.6 ± 3 66.1 ± 4.2 

 

 

4.4.1.3 Rates of cross-pollination 
As expected, the rates of cross-pollination and their standard deviation were highest 

close to the pollen donor (Table 4.3); with increasing isolation distance, the rates decreased 

exponentially. At a distance of 0.8 m, the rates of cross-pollination were considerably 

higher in 2005 than in 2006, but the standard deviations were similar at this distance in 

both years.  
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Table 4.3: Average cross-pollination rate (%), the standard deviation (SD) and the number of 
sampled plants (N) at different distances to the pollen source (0.8 – 15.2 m) in 2005 and 2006. 
 

  2005   2006  

Distance to 

the pollen 

source [m] 

N Average cross-

pollination [%] 

SD [%] N Average cross-

pollination [%] 

SD [%] 

0.8 252 21.3 11.7 337 15.1 12.3 

3.2 244 2.9 2.0 340 3.1 3.3 

5.6 245 1.8 1.0 336 1.5 1.6 

8.0 243 1.4 0.9 342 1.0 1.5 

10.4 150 1.2 0.8 329 0.7 0.9 

12.8 154 1.1 0.7 342 0.6 0.7 

15.2 150 1.0 0.7 336 0.5 0.5 

 

 

4.4.1.4 Pearson correlations of cross-pollination with climatic factors  

Each plant was associated with the corresponding climatic values (for one day after the 

emergence of the silk, DAP +1): maximum and minimum temperature, minimum relative 

humidity and the values from 9 a.m. to 3 p.m. of relative humidity, gust speed and average 

wind direction. Significant correlations were found between all the factors and the rate of 

cross-pollination at different distances from the pollen source, but the correlations were not 

uniform throughout all distances. Therefore, only the downwind correlations with 

minimum temperature will be presented in the following as this factor was most 

consistently correlated to cross-pollination (Table 4.4). Significant correlations were 

always negative, ranging from r = -0.22 to r = -0.45. At 0.8 and 3.2 m distance from the 

pollen donor, values were significant in both years; at longer distances up to 15.2 m values 

were significant in 2006 only.  
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Table 4.4: Pearson correlation coefficients (r) of daily minimum temperature (Tmin) and cross-
pollination (CP) downwind at different distances from the pollen source (0.8 – 15.2 m) in 2005 and 
2006. 
 

Distance to pollen 

source [m] 

Correlation of daily Tmin and CP 

in main wind direction (r value, 

2005) 

Correlation of daily Tmin and CP 

in main wind direction (r value, 

2006) 

0.8 -0.27* -0.28** 

3.2 -0.45** -0.35** 

5.6 -0.12 -0.2 

8 0.11 -0.43** 

10.4 0 -0.39** 

12.8 -0.03 -0.34** 

15.2 0 -0.22* 

*, ** Significant at P≤0.05, P≤0.01 

 

 

4.4.2 Pollen quality 
 

4.4.2.1 Controlled pollination under field conditions 
Due to the extended sowing period, pollination occurred over a broad time span. Table 

4.5 gives the meteorological properties during that time period.  
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Table 4.5: Average temperature (Taverage ± standard deviation, SD), minimum temperature (Tmin), 
maximum temperature (Tmax), average humidity (Humaverage ± standard deviation, SD), minimum 
humidity (Hummin) and maximum humidity (Hummax) in July and August in 1992 and 1993. 
 

 1992 1993 

Taverage ± SD 18 ± 2.6 18 ± 2.9 

Tmin 9.6 7.6 

Tmax 30.3 28.6 

Humaverage ± SD 75 ± 9.7 72.7 ± 11.1 

Hummin 30 23.3 

Hummax 96.3 95.7 

 

The line 1317 D had been identified as a pollinator with fluctuating levels of fertilization; 

its kernel set was not correlated with the actual temperature but was correlated 

significantly negative with temperature up to 24 h before pollination, ranging from r = -

0.55 to r = -0.66 (Table 4.6). The line F2 is known for good, stable fertilization and showed 

no significant correlations between grain set and temperature. 

 

Table 4.6: Pearson correlation coefficients (r) of kernel set and temperature (T) or relative 
humidity (Humrel) of two lines (1317 D, F2) calculated up to 72 h before pollination and during 
pollination.  
 

Hours before 
pollination [h] 

Correlation [r] between kernel 
set and T 

Correlation [r] between kernel 
set and Humrel 

 1317 D F2 1317 D F2 

0 -0.38 0.42 -0.62* -0.19 

1 -0.55* 0.37 -0.34 -0.19 

3 -0.66** 0.26 -0.26 -0.09 

24 -0.66** 0.15 -0.16 0.11 

72 -0.28 -0.12 -0.07 0.26 

* = P≤0.05; ** = P≤0.01 
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Only the cross-pollination of line 1317 D was significantly and negatively correlated with 

humidity during pollination with r = -0.62; no significant correlation with humidity was 

found at any time before this date (Table 4.6). 

 

 

4.4.2.2 Agglutination of pollen after cool or warm nights as simulated in growth 
chambers 

Line 1317 D had generally a higher agglutination of pollen than line F2; during warm 

nights, especially high amounts of agglutinated pollen were found in 1317 D (26.4 % 

during warm nights vs. 4.8 % during cold nights), whereas no significant increase was 

found for F2 (Table 4.7). 

 

Table 4.7: Agglutination of pollen (0.1 – 0.4 mm clumps) and carotenoid concentration of 
the lines 1317 D and F2 after a cool (14 °C) or a warm (20 °C) night. 
 

Treatment Genotype Agglutinated 

pollen [%] 

Carotenoid concentration 

[relative units] 

14°C 1317 D 6.9 0.26 

14°C F2 2.0 0.12 

20°C 1317 D 26.4 0.29 

20°C F2 4.8 0.1 

 

 

Photometric measurement of carotenoid concentration in resolved cell substance from the 

pollen showed high rates of absorption in 1317 D at both temperatures and low rates for F2 

(Table 4.7). 
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4.5 Discussion 
 

4.5.1 Flowering and cross-pollination 
The assessment of flowering as presented by Westgate et al. (2003) gave detailed 

information about flowering to enable the association of climatic values with female 

flowering of single plants. Flowering lasted about 20 days in both years, in accordance 

with other studies (Westgate et al., 2003; Jarosz et al., 2005; Goggi et al., 2006). In 2006 

the exceptionally hot and dry weather in June and July favored a more heterogeneous 

flowering, indicated by the higher standard deviations of the flowering dates. The highest 

average rates of cross-pollination were recorded in 2005, probably due to the high level of 

synchronization of flowering of the yellow pollen donor and the white pollen receptor 

(“perfect nick”; Aylor, 2003) and the more homogeneous flowering in this year. The rate 

of cross-pollination was below the official labeling threshold of 0.9 % at 15.2 m distance to 

the pollen source in 2005 and at 10.4 m in 2006. This is in accordance with other studies 

(Byrne and Fromherz, 2003; Ma et al., 2004; Stevens et al., 2004; Bannert, 2006; Goggi et 

al., 2006). 

 

4.5.2 Correlations of cross-pollination with climatic factors 
In order to calculate the correlation between the rate of cross-pollination of single 

receptor plants with corresponding climatic values, those for one day after silk exertion 

were taken, because silks are most receptive in this period (Aylor et al., 2003; Westgate et 

al., 2003). Whereas pollen viability is mainly affected by short-term meteorological events 

(e.g. short gusts of wind, temperature) (Aylor et al., 2003), silks are more affected by long-

term meteorological events (e.g. decrease in silk receptivity due to drought) (Bassetti and 

Westgate, 1993b; Bassetti and Westgate, 1993a). Although the impact of climatic factors 

on cross-pollination has often been described (Aylor et al., 2003; Richter and Seppelt, 

2004; Jarosz et al., 2005), the link between climatic factors and cross-pollination has not 

been determined, because fine resolution data of cross-pollination and flowering of single 

plants are required. This link was made for the first time in this study: among all the tested 

climatic variables, minimum temperature had the largest impact on cross-pollination. In 

2006, the minimum temperature was significantly negatively correlated with cross-

pollination at almost all distances from the pollen source. These results show that the 

availability of pollen for cross-pollination from external pollen donors may be reduced 
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when warm nights precede maximum silk receptivity. A possible role of relative air 

humidity and an interaction with the minimum night temperature was not established here, 

although the direction of these correlations was consistently negative, too. A possible 

explanation for such correlations may be the availability of pollen for efficient 

transportation by the wind. Agglutination of the pollen is a potential factor for decreasing 

the wind transportation. 

 

 

4.5.3 Pollen agglutination during warm nights in field and growth chamber 
experiments 

Maize lines for commercial seed production had a lower kernel set when they were 

pollinated by line 1317 D (data not shown). In exact field trials, negative correlations were 

found between temperatures at the night and kernel set. High temperatures during the day 

can diminish pollen quality (Goss, 1968; Schoper et al., 1987a; Aylor et al., 2003). 

Therefore, it is assumed that higher temperatures at night are correlated with higher 

temperatures during the day, nevertheless, a corresponding correlation did not exist 

between temperature during the day and cross-pollination, and only one line was affected. 

Under controlled conditions it was shown, however, that high temperature at night was 

responsible for a comparatively high level of pollen agglutination in line 1317 D. In vitro, 

it was observed that pollen grains germinated, even though they were in clump; however, 

despite the fact that the pollen was sieved before deposited on the spoon, some pollen still 

stuck together, thus inhibiting dispersal of pollen on the stigma (data not shown). 

Photometric measurements indicated a higher carotenoid concentration in this line, which 

is associated (Pacini and Hesse, 2005) and positively correlated (Feltl et al., 2005) with the 

content of pollenkitt. The genotype also seems to have an impact on the pollenkitt content, 

but further information about interactions among genotypes are not available (personal 

communication, M. Hesse, University Vienna).  

 

According to Pacini and Hesse (2005) higher temperatures lead to pollen agglutination 

depending on the content of pollenkitt. This might explain the negative correlations 

between temperature at night and cross-pollination in the field experiments 1992 and 1993 

and in 2005 and 2006. Although the germination of pollen was not negatively influenced 

by pollen clumps, but there was a negative interaction between pollen clumps and silks, 
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leading to lower fertilization rates. The second pollinator line, F2, was not significantly 

influenced by the temperature at night with regard to its pollination ability. Cross-

pollination between fields may be due to genotypic interactions, depending on the effect of 

temperature on agglutination. 



Impact of topography on cross-pollination in maize 

 59  

 

 

 

 

 

 

 

 

 

 

 

 

5 Impact of topography on cross-

pollination in maize (Zea mays L.) 
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5.1 Abstract 

 

The debate about the coexistence of genetically modified (GM) and conventional maize 

(Zea mays L.) is ongoing. There are still gaps in knowledge about cross-pollination; it has 

been hypothesized that topography, e.g. hill slopes, can enhance or attenuate it.  

 

This study was conducted to determine the extent to which topography can influence the 

rate of cross-pollination. In 2005 and 2006, the effect at short and medium distances 

between pollen donor and pollen receptor fields (0 – 17.5 m) was investigated in the canton 

of Zurich, Switzerland. Cross-pollination was determined by means of a system of grain 

color markers consisting of white-grain and yellow-grain hybrids, functioning as the pollen 

receptor and pollen donor, respectively. The measurements of the inclination of the slope 

were based on aerial image data acquired by an autonomous GPS/INS (Global Positioning 

System/ Inertial Navigation System) -based and stabilized model helicopter. Image 

processing and the generation of a digital surface model (DSM) were done with software 

for the accurate generation of elevation models by photogrammetric image matching 

methods, developed in our laboratory.  

 

We proved that the rate of cross-pollination increased significantly with decreasing altitude 

of the receptor field (r = 0.36 - 0.64). Cross-pollination decreased in uphill direction, but 

this effect could not be attributed to topography. Mini UAV (Unmanned Aerial Vehicle) 

based extraction of 3D models in agriculture is an appropriate tool for the automatic, labor-

saving measurement of inclination of the topography. Other applications are conceivable in 

ecology and agriculture.  

 

 

5.2 Introduction  
 

To enable the coexistence of cropping systems, with and without genetically modified 

(GM) plants, it is necessary to learn more about cross-pollination events, seed impurity, 

volunteer presence, harvesting and storage practices on the farm, transport, storage and 

post-farm processing, because these factors can increase the adventitious presence of 

GMOs in the products (Messeguer et al., 2006). Cross-pollination is considered to be 
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responsible for a large portion of gene flow in maize (Devos et al., 2007) since it is a wind-

pollinating crop with about 95 % cross-fertilization. Previous studies have examined cross-

pollination, in particular with regard to gene flow between GM and conventional plants at 

different distances from each other (Ma et al., 2004; Bannert and Stamp, 2007; Della Porta 

et al., 2007; Bannert et al., 2008).  

 

Cross-pollination is affected by many factors such as the morphology and physiology of 

pollen (Goss, 1968; Luna et al., 2001), pollen density and pollen competition (Jarosz et al., 

2003; Goggi et al., 2007; Bannert et al., 2008), plant phenological status (Schoper et al., 

1987b) and climatic factors (Bassetti and Westgate, 1993b). Furthermore, it is assumed 

that topography has an impact on cross-pollination in maize (Raynor et al., 1974; Aylor et 

al., 2003; Tackenberg, 2003; Kuparinen et al., 2007). For example in alpine regions like in 

Switzerland, hilly topography is a special feature that affects agriculture. It is hypothesized 

that slopes can enhance or attenuate the rate of cross-pollination in adjacent fields; the 

settling velocity of pollen is about 30 cm s-1 (Aylor, 2002) and pollen travels shorter or 

longer depending on pollen release height and the increasing or decreasing distance to soil 

surface during pollen dispersal. However, little is known about the role of nonstandard 

means of pollen dispersal, such as topography, on the variation in cross-pollination 

(Higgins et al., 2003). 

 

Modeling is considered to be one method for predicting pollen dispersal under various 

environmental conditions (Kuparinen et al., 2007). Promising models (mechanistic or 

trajectory models) have been developed for pollen dispersal, especially in the last ten years 

(Loos et al., 2003; Tackenberg, 2003; Helbig et al., 2004; Jarosz et al., 2004; Yamamura, 

2004; Dupont et al., 2006; Kuparinen et al., 2007). Most models of dispersal do not include 

topography in their simulations. Tackenberg (2003) has developed a flight trajectory model 

for seed dispersal to simulate the long-distance dispersal of plant diaspores. He included 

the effects of topography and turbulence and found considerable differences in the 

dispersal distance of two species with a different falling velocity of pollen caused by 

elevation and slope. In the context of coexistence, many factors, which impact pollen 

dispersal and cross-pollination, have been discussed; however, no field experiments have 

been conducted to examine these effects, particularly the effect of topography. 
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Kuparinen (2006) considers that most recent models still lack empirical data to fully 

validate them. A new approach to examine the effects of topography on cross-pollination is 

the application of UAVs (Unmanned Aerial Vehicles), novel autonomous mobile 

platforms, such as a mini helicopter, for the generation of precise and dense elevation 

models of maize fields from images. The mini UAVs are very maneuverable and can 

hover, change the direction of flight around the center of rotation as well as turn the 

mounted camera horizontally and vertically. However, due to the difficulty of maintaining 

the ideal position and flight attitude, the vibration of the helicopter and the manual 

planning of image acquisition points, model helicopters have not been used successfully 

for measurements, precise modeling and mapping of objects in the past (Eisenbeiss, 2004). 

Latest developments integrate GPS/INS and a stabilized platform for the camera, but the 

selection of the installed hardware is mostly limited to low cost navigation systems with 

low precision, because of the small size and the low payload of the helicopter. However, 

the combination of GPS/INS sensors with image data for navigation gives more precise 

and reliable results. Furthermore, the integration of GPS/INS and image data in a real-time 

triangulation method will drastically reduce the time and costs of post processing.  

 

Research into mini UAV and comparable autonomous vehicles and the developments 

achieved are driven primarily by the artificial intelligence community (AAAI, 2008) and 

have been used in the past mainly for military applications; use in the civilian sector is 

increasing. Mini UAV have been used as a ground truth measurement system (Hongoh et 

al., 2001) in photogrammetric test flights in Sweden in order to analyze the accuracy of 

GPS/INS for photogrammetric applications with manual and autonomous flying mode 

(Eisenbeiss, 2003). Furthermore, mini UAV have been used for 3D city modeling (Wang et 

al., 2004), in forestry (Horcher and Visser, 2004), in agriculture (Herwitz et al., 2004; 

Rovira-Más et al., 2005; Eisenbeiss, 2007; Reidelstuerz et al., 2007; Eisenbeiss, 2008; 

Rovira-Más et al., 2008) and to document cultural heritage sites (Lambers et al., 2007) and 

rockslides (Eisenbeiss, 2008). 

 

The goal of this study was to analyze the influence of topography on pollen dispersal in 

maize fields by using GIS (Geographic Information System). High-resolution cross-

pollination data, generated by the means of a grain-color marker system, were combined 

with topographic data of 3D elevation models of maize fields to a single GIS model. The 
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elevation model was used to measure the absolute height (orthometric height) of the pollen 

donor and pollen receptor plants. 

 

 

5.3 Material and Methods 
 

5.3.1 Site descriptions 
Field experiments were conducted at two sites in the canton of Zurich, Switzerland 

(longitude 8° 40‘ N, latitude 47° 25‘, altitude about 500 and 450 m above mean sea level, 

Figure 5.1), in 2005 (A) and 2006 (B). The climate is temperate with an annual 

precipitation of about 1,100 mm (with a maximum of 140 mm in June and July) and an 

average temperature of 8 °C with the highest values in July (17 °C). Both locations are 

typical of the Swiss midlands with a mixture of woods, settlements and intensive 

agricultural areas of wheat, maize and grassland in a hilly topography. All soils are Eutric 

Cambisols with a sandy loam texture. 

 

 
Figure 5.1: Map of Switzerland showing the location of the test fields in 2005 (A) and 2006 (B).  
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5.3.2 Field experimental design 
Field experiments were designed to focus on the influence of inclination on cross-

pollination (Figure 5.2). The fields were equally inclined at 3.4° (A, eastwards) and 6.8° 

(B, eastwards); these are the inclinations of agricultural areas; steeper inclinations are 

susceptible to erosion. In experiment A, two white receptor areas (120 x 40 m2) and two 

yellow donor areas of the same size were arranged diagonally (Figure 5.2). Six sampling 

blocks (15 x 20 m2), three with a downhill and three with an uphill orientation, were at the 

border of both receptor areas (Figure 5.2). In experiment B, a receptor area (40 x 170 m2) 

was sown within two donor areas (Figure 5.2). Six sampling blocks (15 x 20 m2), three 

with a downhill and three with an uphill orientation, were arranged in the receptor area. 

Because of unwanted edge effects in experiment A (respective plants were not analyzed), 

the design was improved in experiment B. As the prevailing wind is from the west in the 

Swiss midlands and the orientation of the fields is to the east, downhill and uphill are 

considered to be synonymous with downwind and upwind.  

 

 
Figure 5.2: Left hand (Experiment A) and right hand (Experiment B) figures show a screenshot of 
the 3D-model using the Swissimage orthoimage (swisstopo®) draped over the DHM25 
(swisstopo®) combined with the orthoimage of the maize field and the position of the sampled 
receptor plants generated from the UAV images. Yellow donor areas are grey emphasized; the 
remaining areas are those of the white receptor maize. 
 

 

Xenia kernels were used to detect cross-pollination by choosing maize varieties with a 

different inherited grain color. The pollen receptor areas were sown with the white-grain 

experimental hybrid DSP17007 (Delley Seeds and Plants Company, Switzerland), which 
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has comparable agronomic traits to modern hybrids. The yellow-grain varieties were 

LG21.85 in 2005 and Delitop in 2006 (Table 5.1). All the hybrids were in the early-

maturity group. The seed contamination of DSP17007 was calculated to be as low as 

0.004 %, i.e. without significance. Donor and receptor surface ratios were similarly in both 

years (Table 5.1). 

 

 

Table 5.1: Donor/receptor surface ratio, varieties and sowing dates of experiments A and B in 
2005 and 2006. 
 

Experiment Year Yellow grain 

variety 

Size ratio white: 

yellow 

Sowing dates 

A 2005 LG 21.85 1:1 26.05.2005 

B 2006 Delitop 1:1.2 12.05.2006 

 

 

5.3.3 Cultural procedures and weather data 
The distance between the rows was 80 cm and the final plant density was 9.9 plants m-2 

in 2005 and 9 plants m-2 in 2006. Cultivation (e.g. herbicide treatment and fertilizer 

application) was carried out according to the recommended agricultural practice to achieve 

a grain yield of 9 t ha-1.  

 

During pollination, a portable weather station (Onset Computers, Pocasset, MA, USA) was 

placed about 200 m away from the experimental fields. The speed and direction of the 

wind were measured at a height of about 3 m and averaged and stored every two minutes. 

 

 

5.3.4 Sampling and flowering synchrony 
In total, 2.160 and 2.430 ears (549.936 and 895.698 kernels) were measured for cross-

pollination in 2005 and 2006, respectively. In both experimental fields (Figure 5.2), every 

third row was a sample row and, within these rows, every 2.5 m was a sampling point. A 

sampling point consisted of five plants, two in front of and two behind a labeled plant. The 
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grid design ensured a detection minimum of 0.005 % cross-pollination at a significance 

level of P = 0.05 (Remund et al., 2001). 

Five ears at each sampling point were examined for the occurrence of yellow grains. To 

calculate the percentage of cross-pollination, the average kernel number ear-1 was 

determined on 60 randomly chosen ears field-1 to take it as the 100 % basis. The rate of 

cross-pollination was divided by two, taking into account that transgenic maize plants are 

usually heterozygous for the transgene. 

 

The progress of flowering was monitored throughout the pollen-shed period. About 60 

yellow and white plants were monitored every other day in both years. The height of the 

ears and plants was measured on the same plants. 

 

 

5.3.5 Photogrammetric measurement of absolute plant heights using UAV images 
After anthesis, digital pictures were taken with a still-video camera (Canon D20 CMOS) 

mounted on an UAV (Unmanned Aerial Vehicle) (see Figure 5.3).  

 

 

 
Figure 5.3: The UAV system with the mounted camera during landing. 
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In a first step, flight planning was performed for the autonomous flight. The flight 

parameters (Table 5.2) were set up depending on the UAV and camera system, the required 

image resolution of 3 cm per Pixel, the maximum flying height of 100 m above ground and 

the requirements for the multi-image matching approach for the generation of the elevation 

model. 

 

 

Table 5.2: Flight planning.  

 

Parameter Value 

Image scale 1:4000 

Side / end lap 75 % / 75 % 

Flying height above ground ~ 80 m 

Camera Canon EOS 20D  

Focal length (calibrated) 20.665 mm, RMSE 1.5e-003 mm 

Pixel (Image format) 8.25 megapixels (3520x2344) 

Flying velocity 3 m/s 

 

 

After defining the flight parameters, the area of interest was roughly identified in the Swiss 

National Map 1: 25,000 by swisstopo®. Based on the flight parameters mentioned above, a 

flight trajectory was calculated by starting at one corner of the field, and 3D coordinates of 

the flight trajectory were established. Furthermore, before undertaking the autonomous 

flight, the generated 3D coordinates, the flying velocity and the flying mode were 

transferred to the flight control station of the UAV system. Thereafter, the autonomous 

flight was carried out with our UAV system. Following the flight trajectory in the stop 

mode for experiment A, the camera captured automatically the images of the predefined 

positions (Table 5.3) in the cruising mode of experiment B. In the stop mode, the 

helicopter flew to each image acquisition point autonomously and the operator triggered 

the image by radio link, while in the cruising mode image acquisition was totally 

autonomous.  
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Table 5.3: Number of aerial images used for photogrammetric processing.  

 

Experiment Acquired aerial images / image 
strips 

Aerial images / image strips used 
for processing 

A 82/4 42/2 

B 57/5 57/5 

 

The autonomous flight with stop points enabled us to capture all the images in 

experiment A in 20 minutes, while in the cruising mode (experiment B) the flight time was 

reduced to 5 minutes. The images were oriented with the software packages LPS (Leica 

Photogrammetry Suite 9.0, Leica Geosystems Geospatial Imaging, LLC) and ISDM 

(Image Station Digital Mensuration, Zeiss Intergraph, 2000) and an elevation model was 

generated with the software SAT-PP (Satellite Imagery Precision Processing, ETH Zurich), 

which was modified to process amateur digital still-video images. Finally, an orthophoto 

was produced by means of LPS. A comprehensive overview of the variety of image data 

acquisition and photogrammetric image processing methods is given in Grün (2008).  

 

 

Before image orientation, image preprocessing was performed, which encompassed noise 

reduction, contrast and edge enhancement. For the image triangulation in experiment A, 

two to three tie points were measured manually as initial values, while in experiment B the 

orientation was calculated with the Kalman filter in the navigation unit of the mini UAV. 

For 5 to 10 % of the images, the two to three points, measured manually, were insufficient; 

during image acquisition the breeze caused the leaves and the tassels of the plants to move 

slightly. Therefore, it was necessary to measure additional points manually (Eisenbeiss, 

2007). These points (experiment A) and the approximate positions of the camera 

(experiment B) served as the initial values for automated tie point extraction. After image 

orientation, a DSM with a resolution of 10 cm was produced automatically with SAT-PP. 

Due to the considerable overlap (75 % in both directions) of the images, multi-image 

matching was conducted in addition to the standard matching procedure. The combination 

of the multi-image approach with the different matching methods (area, feature and edge 

matching) (Zhang, 2005) allowed the generation of a precise, reliable and consistent 3D 
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model of the maize field. Finally, an orthophoto (3 cm grid size) was produced using the 

generated DSM. 

 

After photogrammetric processing (image orientation, DSM generation and orthophoto 

production), two procedures for measuring plant height were established. In the first 

procedure, the measurements of plant height were done in the stereo mode in LPS. By this 

means, the specific plants were easily identified and the height was determined manually 

by the operator. In the second procedure, the corresponding plants in the orthophoto were 

identified by the operator, while the heights were extracted automatically in ArcGIS 

(Version 9.1, ESRI, Redlands, CA, USA) using the generated elevation model. 

 

5.3.6 GIS data and implementation 
For data integration in GIS we developed the same basic data structure for each field. 

Thereby, we developed and tested the analysis functions for one field and applied them to 

the second field. The input data (Figure 5.4) and the data analysis are described below. 

 

 



Impact of topography on cross-pollination in maize 

 70  

 

Figure 5.4: Diagram of the GIS-database.  

 

For each field the raw, UAV images, orthophotos, elevation data and cross-pollination 

(CP) points were generated and integrated into the database. The UAV image is identified 

by the image number of attributes, while the coordinates (OX, OY, OZ) in the Swiss 

Coordinate System (CH1903) and the date and time of image acquisition were defined as 

additional attributes. The attributes of the orthophoto and the elevation data are the name, 

associated field, footprint/resolution and data source, while the name of the file is the main 

attribute. The CP points are integrated as point data, which can be identified by the point 

number of cross-pollination. Each point has a CP (cross-pollination) value, an identifier for 

reference points (RP), the corresponding reference point (CRP), the coordinate of the point 

(CP (X), (Y), (Z)) and the difference in planimetry (DS) and in height (DH) compared to 

the reference point. If the CP value is zero, the corresponding point is a reference point; 

therefore no data will occur under CRP, DS and DH. If the CP value is larger than zero, 

DS and DH were calculated (with respect to the CRP). DH was calculated as the difference 

in the height of a sample receptor plant compared to the closest donor plant (DS = MIN; 

DH = CRP(Z) - CP(Z)). To calculate the correlation of relative cross-pollination (CPr) and 
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the geographical difference in height of the pollen donor and pollen receptor (DH), cross-

pollination was taken as the relative cross-pollination rate of one sample block to eliminate 

the factor distance. The relative rate of cross-pollination was obtained as CPr = 

Abs(average(CP row 2-8 ) – CP), where Abs is the absolute value, average (CP row 2-8) is the 

average cross-pollination of all the sampling points in a sample block (except row 1) and 

CP is the cross-pollination rate at a single sampling point. 

 

The statistical analyses of the correlation of DH and CPr were performed with SPSS 

(Version 11.0, SPSS Inc., Chicago, IL, USA). 

 

 

5.4 Results 
 

5.4.1 Flowering synchrony and cross-pollination 
Anthesis (50 % of plants shedding pollen) occurred at the end of July in 2006 and the 

beginning of August in 2005 (Table 5.4). In experiment A, the yellow donor maize reached 

50 % pollen shed by August 4, 2005 and 50 % silk exertion of the white receptor by 

August 5, 2005. The respective dates in experiment B were July 26, 2006 and August 1, 

2006. In all the experiments, yellow pollen shed and white silking was better synchronized 

than pollen shed and silking of the white-grain maize.  

The average height of the plants and ears varied slightly over the years and the genotypes, 

but the heights were nearly identical for the yellow donor and the white receptor plants in 

each experiment (Table 5.4). The height of the ears was similar and showed fewer effects 

across the years than plant height did. 
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Table 5.4: Male and female (only white receptor) inflorescences of yellow donor and white 
receptor plants on date when 50 % of the plants begun flowering; height of the plants and ears (cm, 
STD = standard deviation) (experiments A and B). 
 

Experiment Flowering 

(male 50 %) 

Flowering 

(female 50 %) 

Plant height 

(average cm, 

STD) 

Ear height 

(average cm, 

STD) 

A (yellow plants) 04.08.2005 / 250 ± 29 / 

A (white plants) 01.08.2005 05.08.2005 247 ± 24 100 ± 13 

B (yellow plants) 26.07.2006 / 228 ± 18 / 

B (white plants) 23.07.2006 26.07.2006 219 ± 9 97 ± 10 

 

 

Cross-pollination was more accentuated between the experiments A and B than between 

the different orientations (uphill/downhill) (Figure 5.5). The highest rates of cross-

pollination were found closest to the pollen source with 19.2 and 17.5 % (downhill) and 

11.3 and 18.8 % (uphill) in experiments A and B, respectively. At further distances, cross-

pollination decreased exponentially and more accentuated uphill. The decrease in cross-

pollination was much stronger in experiment B. However, cross-pollination was about 

0.9 % at 15 m from the source of yellow pollen in both experiments. 
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Figure 5.5: Regression of cross-pollination (%, ordinate) as dependent on distance to pollen source 
(m, abscissa) in experiments A and B (uphill/downhill).  
 

 

Wind duration and directions varied in 2005 and 2006 (data not shown). The main 

direction of the wind was less clear in 2005, but SW/W was most prominent; in 2006, the 

main wind direction was more pronounced from SE/SW.  

 

 

5.4.2 Pearson correlation analysis of DH and CPr 
The Pearson correlation method, a standard procedure in SPSS, was used to correlate 

DH and CPr. Because CP depends on distance and DH (Figure 5.6), we introduced CPr to 

reduce variance caused by distance such that it could be neglected. However, CPr did not 

eliminate the dependence of CP on distance in the first receptor row (Figure 5.6), and it 

was thus eliminated in the calculation of the correlations. 
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Figure 5.6: CP (left) and CPr (right) of a sample block in 2005. CPr was calculated to reduce the 
dependence of CP on distance.  
 

 

In experiments A and B, the correlations of CPr and DH (orthometric difference in height 

of the pollen donor and pollen receptor) were calculated for the three repetitions 

(uphill/downhill) (Table 5.5). The complete sample block (without the first receptor row) 

was included, because DH decreased or increased at different distances to the pollen 

source. The correlations downhill (repetitions 1-3) range from r = 0.14 to r = 0.64 in 

experiment A and from r = 0.36 to r = 0.43 in experiment B. The correlations uphill are 

close to zero in both experiments (repetitions 1-3).  

 

As the variation in the CP values decrease with increasing distance from the pollen source, 

the variation in CPr also decreases (Figure 5.6). However, the correlation of CP and DS 

were excluded. 
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Table 5.5: Pearson correlation (r) of DH and CPr (2.4 m – 17.5 m) (downhill/uphill) in experiments 
A and B. 
 

Orientation 
(repetition) 

Experiment A Experiment B 

 (r) DH (cm) (r) DH (cm) 

downhill (1) 0.14 -0.08-1.57 0.36** -0.13-1.93 

downhill (2) 0.5** 0.23-1.7 0.43** 0.28-2.12 

downhill (3) 0.64** 0.18-2.35 0.39** -0.97-2.59 

uphill (1) -0.19 -1.11-0.04 0.02 -2.61-0.57 

uphill (2) -0.09 -0.77-0.33 -0.21 -0.71-1.13 

uphill (3) 0.07 -0.58-0.33 0.03 -1.1-0.51 

** P≤0.01 

 

 

5.5 Discussion 
 

5.5.1 Flowering and cross-pollination 
The synchronization of “yellow” male flowering and “white” female flowering was 

much closer than the flowering of “white” male and female plants in 2005 and 2006. This 

situation favors cross-pollination (Aylor et al., 2003), because the synchrony of yellow 

pollen shed and white silking is the most important parameter in pollen competition. 

However, rates of cross-pollination were in the range reported by other researchers and, as 

expected, were dependent on wind direction (Ma et al., 2004; Goggi et al., 2006; 

Messeguer et al., 2006; Bannert and Stamp, 2007; Della Porta et al., 2007; Weekes et al., 

2007; Bannert et al., 2008). 

 

The mean and the standard deviation of the plant and ear heights of pollinator and receptor 

hybrids were similar within the sampling blocks; therefore, it is assumed that there are no 

morphological effects with an impact on the rates of cross-pollination in our experiments. 

The intrusion of yellow pollen from other sources can be neglected, because such fields 

were several hundred meters away. 
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5.5.2 Photogrammetric processing of UAV images for cross-pollination observation 
The autonomous flight allowed us to define the flight trajectory for optimal 

photogrammetric processing. The flight trajectory was calculated automatically by our 

software based on existing topographic maps. Two autonomous flying modes were 

applied: stop mode and cruising mode. By using the cruising mode the flight time was 

reduced by 75 % for the observation of one field. The performance of the system during 

the cruising mode is comparable with fixed-wing UAV systems (Horcher and Visser, 

2004), while the stabilizer system of the helicopter allowed a continuous and stable flight. 

Furthermore, the helicopter system is more flexible than the fixed-wing systems. 

Therefore, the autonomous flying helicopter system tested in our study is suitable for 

mapping crops, measure biomass, for tractor-automated guidance (Kise et al., 2005) and 

for the detection and prediction of erosion based on extracted image data, orthoimages and 

elevation models. Photogrammetric image processing gave the orientation of each image; 

thus, the images can be used for stereoscopic analysis, which allows a more precise 

identification of anomalies in the terrain. This method has been used successfully to 

document archaeological sites (Lambers et al., 2007) and rock slides (Eisenbeiss, 2008). 

The accuracy of the height measurement is dependent on the measurement method of the 

height. For the stereoscopic measurement the accuracy is dependent on the experience of 

the operator, while in the second measurement method the accuracy is conditioned by the 

measurement of the CP-points in the orthoimage and the accuracy of the elevation model. 

For both methods, the accuracy of the height measurement is in a range of 10 to 20 

centimeters. 

 

Compared to the mobile stereovision system proposed by Rovira-Mas et al. (2005) and 

Rovira-Mas et al. (2008), our method enables the automatic documentation by means of 

the UAV system, producing accurate and reliable elevation models and orthoimages of the 

complete site. The data can be integrated immediately into several GIS systems using 

absolute coordinates. Therefore, the data can be combined with any other reference field 

data, such as CP in our case. Furthermore, by using average format still-video cameras, the 

image and the derived DSM resolution allows analysis on a larger scale than stereovision 

systems at the same flight height. Therefore, with our method, large sites can be 

documented completely in a shorter period. 
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Orientation was calculated by means of the Kalman filter attached to a navigation unit on 

the mini UAV to approximate the photogrammetric processing in experiment B; our 

method requires fewer man hours for the photogrammetric processing. However, the 

process relies on manual measurements of the control points and statistical analysis of the 

results. This lack in automation must be addressed in future work; special online-

triangulation methods and the automated measurement of control points using coded 

targets must be developed. 

 

A comparison of the proposed procedures for the measurement of the absolute plant height, 

the first procedure did not require the generation of an elevation model, whereas a skilled 

operator was necessary for the determination of height. The measurements in the 

stereomodel are more appropriate for the identification of single plants. In the other 

procedure, the measurements were two-dimensional, which does not enable the precise 

selection of a specific plant, in contrast to the “stereo” modus. However, for the second 

method, a dense and accurate elevation model was necessary, whereas a skilled operator 

was not required. Furthermore, measuring the absolute height of plants in the orthophoto 

has the advantage that field structure and design are clearly visible. 

 

 

5.5.3 GIS data implementation 
The developed procedure allowed us to integrate image data, orthoimages, elevation 

models and CP measurements and their attributes into the database in an efficient way. 

Furthermore, we developed an analysis function for the CP points, which was applied in 

both experiments. The structure of the database allows the adoption of additional data and 

parameter for future data analysis. For example, the method would also allow the update 

and observation of forest roads and skids, which are typically the main cause of erosion in 

forestry operations (Horcher and Visser, 2004). 

 

In the future, an exact GPS measurement of the orientation of the sample points would be 

helpful for a clear identification during analysis in ArcMap.  
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5.5.4 Effects of topography on the rate of cross-pollination 
No field studies had been conducted thus far on the effect of topography on cross-

pollination; this may have been due to the fact that no method was available, which 

enabled the correlation of cross-pollination and topographic data. The photogrammetric 

method in our experiments facilitated the automatic measurement of absolute plant height 

(3D) with a high resolution (± 3 cm) (Eisenbeiss, 2007), and grain color markers enabled 

the accurate assessment of cross-pollination (Bannert and Stamp, 2007; Bannert et al., 

2008). The measurement of tassel height by digital surface models is practical, because 

UAV generate high-resolution photos due the proximity to the object, as described by 

Eisenbeiss (2007). 

 

As described in other publications (Ma et al., 2004; Goggi et al., 2006; Bannert and Stamp, 

2007; Della Porta et al., 2007; Bannert et al., 2008), the factors that have a strong effect on 

the rate of cross-pollination are DS and the prevailing wind direction. As expected, these 

effects were found in this study in the same range as reported elsewhere. Therefore, CPr 

was introduced successfully to exclude effects by DS and upwind and downwind sampling 

blocks were calculated separately to exclude effects by wind. These separate calculations 

(uphill/downhill, repetitions 1-3 and experiments A and B) were also necessary, because of 

the synonymous arrangement of uphill/downhill and upwind/downwind. 

 

The effects of distance from the pollen source on cross-pollination were reduced for 

distances from 2.4 to 17.5 m (Figure 5.6) by converting rate of cross-pollination (CP) to 

the relative rate of cross-pollination (CPr). The first adjacent row to the pollen source was 

not included in this model, because the variation in cross-pollination in this row was 

exceptionally high and we proved that wind effects are more accentuated in the first 

receptor rows. 

 

The analysis showed that the rate of cross-pollination of receptor plants in downhill areas 

increased when the difference in height to the corresponding pollen donor plant also 

increased. The free downhill trajectory probably enhanced the movement of pollen over 

longer distances. Therefore, cross-pollination is slightly higher in these areas compared to 

a field in a flat area. 
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Maize tassels can hamper the flight trajectory of pollen (Aylor, 2002; Aylor et al., 2003). 

At uphill sites, topography did not seem to affect cross-pollination, because more pollen 

was probably caught by the tassels shortly after release. The amount of pollen was 

probably reduced to such an extent that no effects were found. This is supported by the rate 

of cross-pollination which decreased as elevation increased. 

 

An interaction of wind and topography is assumed (Tackenberg, 2003), because the 

dispersal distance is affected by wind velocity and height of pollen release. Topography 

does not affect the height of pollen release relative to the soil surface, but during pollen 

flight the distance to the soil surface can increase or decrease, depending on the 

topography. Our data support the assumption that a higher wind velocity combined with 

the downhill movement of pollen favors the dispersal of pollen over longer distances and 

increase the rate of cross-pollination in lower receptor areas, whereas pollen dispersal is 

hampered uphill. However, the movement of pollen uphill and downhill still affects the 

rate of cross-pollination to a lesser extent than other factors such as wind velocity and 

effects of year. 

 

Over longer distances (> 17.5 m), we could not show an effect of topography on cross-

pollination (data not shown), probably because long-distance dispersal of pollen is usually 

caused by nonstandard means of dispersal such as thermals and turbulences (Higgins et al., 

2003). 
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6.1 Résumé 
 

Previous studies have shown that the rate of cross-pollination is mostly influenced by 

wind direction and velocity, distance to the pollen donor and pollen viability (Aylor et al., 

2003; Jarosz et al., 2003; Aylor, 2004; Ma et al., 2004; Stevens et al., 2004; Halsey et al., 

2005; Jarosz et al., 2005; Goggi et al., 2006; Messeguer et al., 2006; Bannert and Stamp, 

2007; Della Porta et al., 2007; Goggi et al., 2007; Haegele and Peterson, 2007; Weekes et 

al., 2007; Bannert et al., 2008). However, these factors could not explain in detail the high 

variation of cross-pollination at short distances. It was hypothesized that biological factors, 

such as the variation in the developmental stage of the plants within a receptor field, with 

respect to the time point of pollen shed of the donor field, may be responsible for 

unexpected cross-pollination events (Bannert et al., 2008). Other factors influencing short-

distance cross-pollination may be the topography and the climate in the field. These are 

hypothesized to condition the quantity, the quality and the dispersion characteristics of the 

pollen, directly influencing the rate of cross-pollination (Raynor et al., 1974; Aylor et al., 

2003; Aylor, 2004; Richter and Seppelt, 2004; Jarosz et al., 2005; Aylor et al., 2006; 

Kuparinen et al., 2007). The final experimental proof for these hypotheses was missing so 

far.  

 

The aim of the present study was to focus on these factors and to quantify their impact on 

cross-pollination at short distance.  

 

The studies performed during the course of this doctoral work dealt with:  

 

i) the vertical transport of pollen into the layer of air one meter above the tassel, and the 

transport of pollen at this height to the immediate vicinity of the maize field, as influenced 

by the type of soil cover (grassland and wheat stubble) (Chapter 2),  

 

ii) the impact of morphological and physiological traits of single maize plants in the 

receptor field on the rate of cross-pollination (Chapter 3),  

 

iii) the impact of climatic factors on short-distance cross-pollination of single maize plants 

(Chapter 4), and  
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iv) the effect of slopes on pollen dispersal in maize fields at short distances (Chapter 5).  

 

 

6.2 Conclusions 
 

Maize pollen is one of the largest (90-125 µm) and heaviest (250 x 10-9g) among the 

monocotyledonous plants and therefore its traveling distance is limited (Raynor et al., 

1972; Digiovanni et al., 1995; Aylor et al., 2003).  

In spite of this unfavorable prerequisites of maize for pollen dispersal, maize is in the focus 

of coexistence discussions, as it is a predominantly cross-fertilized (~95 %) plant, and 

cross- pollination above the threshold of 0.9 % can be expected up to distances of 20-30 m 

(Ma et al., 2004; Stevens et al., 2004; Goggi et al., 2006; Messeguer et al., 2006; Pla et al., 

2006; Bannert and Stamp, 2007; Della Porta et al., 2007; Weekes et al., 2007; Bannert et 

al., 2008). The experiments conducted in this thesis confirmed these results; cross-

pollination decreased significantly in adjacent field situations and was below 0.9 % at 

20 m. Wind effects were almost nullified beyond distances of 10 m to the pollen source.  

Besides isolation distances between GM maize and conventional maize, pollen barriers 

were often mentioned as the most effective coexistence measure to reduce GM impurities 

below 0.9 % (Devos et al., 2007). However, only few information is available about which 

crops are most suitable for planting in-between fields, and the behavior of pollen above 

these surfaces (Langhof et al., 2008). In the experiments presented in Chapter 2, grassland 

and wheat stubble were chosen as the extremes of cool and warm surfaces in agricultural 

landscapes (Noilhan and Planton, 1989). We found no differences in the behavior of pollen 

above these surfaces, probably because maize pollen is too heavy to be affected by thermal 

up winds. Only the special weather situation presented by a thunderstorm during flowering 

could change the amount of wind transported pollen above these surfaces.  

 

Most studies on cross-pollination focus on the mean contamination rate for a whole 

receptor field; the contribution of single plants to cross-pollination were not highlighted so 

far, even though it is well known that even hybrids present a slight variation in flowering 

time (Westgate et al., 2003; Goggi et al., 2006; Bannert et al., 2008). Chapter 3 focused on 

the contribution of “flowering outliers” (early or late flowering plants) in a receptor field 

on the rate of cross-pollination. The results of this chapter have shown that female 
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flowering is significantly correlated with other flowering traits, as well as with cross-

pollination. The results indicate that late flowering plants are proportionally more affected 

by cross-pollination than early flowering plants (Bannert et al., 2008), what is probably an 

effect of pollen competitiveness. One explanation is the good ‘saturation’ of early plants 

with own pollen, and the fact that late flowering plants are more prone to cross-pollination 

(Aylor et al., 2003). Complementary experiments could show that, besides late flowering 

plants, mainly the tip and the base of the ears were affected by cross-pollination, because 

female flowering starts in the centre of the ear and terminal flowers are less saturated with 

own pollen.  

 

The effect of climate on the rate of cross-pollination was the focus of Chapter 4. 

Particularly in Switzerland, the topography creates many different climatic scenarios, with 

presumably different effects on cross-pollination (Bannert and Stamp, 2007). Climatic 

values (temperature, humidity, gust speed and wind direction) recorded one day after silk 

exertion were correlated with cross-pollination data of single plants in the receptor field. 

The day after silk exertion was chosen, because silks are most receptive to pollen in this 

phase (Bassetti and Westgate, 1993c). Surprisingly, the minimum temperature was 

negatively correlated with cross-pollination. An explanation for these results could be that 

the availability of pollen was reduced, probably due to pollen agglutination after warm 

nights. Seemingly warm nights promote the formation of pollenkitt, leading to agglutinated 

pollen. Pollenkitt is consisting of lipids, which are affected by temperature (Pacini and 

Hesse, 2005). Especially night temperatures are important as most pollination occurs in the 

morning when the vapor pressure deficit is above 0.2-0.5 kpa (Jarosz et al., 2005). The 

other parameters, particularly relative air humidity, have also shown correlation patterns 

with cross-pollination. Even though the direction of correlations between humidity and 

cross-pollination were consistently negative, the role of relative air humidity and an 

interaction with minimum night temperature could not be determined here.  

 

The effect of topography on cross-pollination was the focus of Chapter 5. Many maize 

cultivation regions and, in particular Switzerland, are characterized by a hilly topography. 

It was often considered that topography is one important factor modifying pollen dispersal 

(Raynor et al., 1974; Aylor et al., 2003; Tackenberg, 2003; Kuparinen et al., 2007). 

Dispersal models were used to describe and to simulate the movement of pollen grains 

within different topographies, but too little is known about the impact of topography on 
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cross-pollination, and data are still needed to validate these models (Kuparinen, 2006). As 

field data is still scarce, the experiments presented here can substantiate the knowledge of 

topography and its effect on cross-pollination. Cross-pollination was significantly 

enhanced at distances up to 17.5 m if receptor plants were in downhill direction to the 

pollen source, probably because of the free trajectory and the increasing falling distance to 

the ground (Aylor et al., 2003; Tackenberg, 2003).  

 

In general, the information generated here is highly valuable for refining the existing 

models to predict cross-pollination. 

 

Also some preliminary recommendations for agricultural practice can be done ad hoc: 

 

- No differences in pollen take-off exist over different thermal surfaces. It seems that it is 

not useful for the isolation of GM and non-GM maize to cultivate specific crops in 

between fields. As documented in literature, the preferable isolation crop is maize, 

cultivated around a GM maize field. 12 rows seem to be sufficient to reduce cross-

pollination in an adjacent conventional maize field below 0.9 %.  

 

- Late flowering plants are more prone to cross-pollination than early flowering plants. For 

agricultural practice, it can be derived that homogeneous plant stands can reduce the rate of 

cross-pollination. The results are also important for seed production systems, because they 

are lacking of internal pollen supply (due to the practice of emasculation) and plants are 

more susceptible to pollen coming from outside. 

 

- Night temperature seems to play an important role for pollen agglutination due to the 

pollenkitt content. Therefore, this factor should be taken into account when estimating 

rates of cross-pollination. Depending on varieties, high night temperatures benefit 

pollenkitt agglutination and hamper fertilization. 

 

- Cross-pollination is enhanced in downhill direction of a pollen source. Therefore, 

transgenic fields should preferentially occupy lower terrains. Otherwise, the isolation 

distances should be increased. 
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6.3 Outlook 
 

Pollen control via temporal or spatial isolation is one option to ensure the demanded 

genetic purity. Another possibility to control pollen is the usage of CMS systems to reduce 

or, respectively, to totally avoid ‘GM pollen’ (Feil and Stamp, 2002). Because the 

conventional hybrids have still much more pollen than needed for a complete kernel set 

(Westgate et al., 2003), a mixture of 80 % completely sterile GM plants with 20 % fertile 

plants is possible (Weingartner et al., 2002). Systems which totally avoid a spread of 

transgenic pollen could be interesting in the future, if plants which produce pharmaceutical 

components are planted, because a zero tolerance is desired there. There is as well a 

potential to breed GM hybrids with a reduced pollen amount.  

 

Another possibility to avoid cross-pollination could be provided by the Gene Gas. Maize is 

sensitive to chromosomal unbalance, what is accompanied with a reduced cross-fertility 

(East, 1923; Schwartz, 1950). Sevov and Mitev (1979) found that lines, homozygous for 

the O2 and Ga5 genes, did not cross-fertilize with normal maize. Also DNA methylation 

can act as hybridization barrier to control gene flow between species (Bushell et al., 2003).  

 

If these systems could efficiently be implemented in transgenic hybrids, isolation of 

transgenic and non-transgenic maize fields by means of time and space would become 

unnecessary. 

 

Interestingly the topic of seed impurities in the supply chain was, beside cross-pollination, 

often considered as a key factor to cause impurities in the product due to their character to 

increase them exponentially (Burris et al., 2002; Messean et al., 2006; Messeguer et al., 

2006), but experiments which validate these effects are missing. 
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