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1 Introduction 

1.1 Macrophytes 

The term macrophytes might be defined as comprising all plants which are permanently at 

least with their roots under water (Barrat-Segretain, 1996; Spence, 1982). Depending on 

whether the plants reach out of the water, keep their leaves just on the water surface or stay 

below the surface they can be divided into emergent, floating leaved and submerged 

macrophytes, respectively. My work mainly considers the latter group. 

Aquatic macrophytes are important for the life of a lake from several aspects. They provide 

shelter for zooplankton, macroinvertebrates and smaller fish against predation as well as 

surfaces for epiphytes and sessile invertebrates. They constitute a food source by themselves 

for many bird and fish species (e.g. for water moths: Entz & Sebestyén, 1942; Gross et al., 

2002, for roach: Körner & Dugdale, 2003, seeds for waterfowl: Hansson et al., 2010; 

Legagneux et al., 2007), the epiphyton and other sedentary organisms on the plants serve as 

food for other species (Scheffer, 1998). Herbivores are capable of influencing macrophyte 

populations significantly: waterfowl, for example, indirectly by grazing which affects tuber 

production (Gyimesi et al., 2011), Bewick’s swan (Cygnus columbianus bewickii) by intense 

foraging for tubers (Hangelbroek et al., 2003) or the water moth Acentria ephemerella, whose 

leaf consumption brings forward the pre-winter receding (Gross et al., 2002; Miler & Straile, 

2010). Submerged aquatic plants can be a spawning habitat and a substrate for egg deposition 

for some fishes and some amphibians (Rajasilta et al., 1989; Snickars et al., 2010). On the 

other hand, macrophytes influence not only certain groups of biota, but the complete food-

web structure of a lake (Scheffer, 1998).  

Submerged macrophytes can also play a more active role in species interactions, especially in 

terms of defence. A dense film of epiphytes is detrimental to macrophyte photosynthesis due 

to its shading effect (Asaeda et al., 2004; Weisner et al., 1997) and causes population decline 

(Jones et al., 2002; Köhler et al., 2010), so some species produce allelopathic chemicals in 

order to limit the growth of epiphytes and periphytic bacteria (Myriophyllum spicatum: Gross 

et al., 2007; Hilt & Gross, 2008; Nakai et al., 2000; van Donk & van de Bund, 2002). The 

production of deterring substances might also be induced by herbivores (Erhard et al., 2007; 

Lemoine et al., 2009; Walenciak et al., 2002).  

Macrophytes play also an important role in regulating whole-lake processes such as 

dampening waves and stabilizing the sediment, thereby enhancing sedimentation and 
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decreasing resuspension by wave-upwelling (Horppila & Nurminen, 2003; Li et al., 2008). By 

reducing resuspension, they influence the light climate in the whole lake, through decreasing 

turbidity and impeding the development of large phytoplankton masses or an algal dominated 

state (Moss, 1990; Scheffer, 1990; Scheffer, 1998; Sondergaard et al., 2010). Their presence 

might also have an effect on sediment chemistry as they mainly rely on the sediment as a 

nutrient source (Barko, 1982; Barko & Smart, 1981b; Denny, 1972; Mantai & Newton, 1982; 

Nichols & Keeny, 1976). Some species can also influence the balance of oxidizing and 

reducing processes by aerating the sediment via their roots (radial oxygen loss) (Armstrong, 

1967; Barko et al., 1991; Hupfer & Dollan, 2003; Wigand et al., 1997) or indirectly if dense 

stands prevent mixing of the water column and change sediment surface redox potential 

thereby (Boros et al., 2011). Their shading effect is not to be neglected either, which has an 

antagonistic effect on phytoplankton (Moss, 1990; Scheffer, 1990; 1998) but also on 

phytobenthos and thus again potentially on sediment chemistry, which in turn influences 

water chemistry. Direct influence on lake water composition is supposed to be minor, as root 

surface area exceeds that of shoot area by far and therefore most nutrients are taken up not 

from the water, but from the sediment (Barko & Smart, 1986), which is enhanced by the fact 

that in most eutrophic lakes nutrient concentration in the sediment is several orders of 

magnitude larger than in the water column (Barko et al., 1991).  

While mass occurrences of some macrophytes affecting a whole lake happen under certain 

circumstances up to such an extent that plants have to be controlled (Barrat-Segretain, 1996; 

Bickel & Closs, 2008; Nichols & Shaw, 1986; Thiebaut et al., 2008), often a rather patchy 

pattern is characteristic with temporally and spatially highly unpredictable presence in 

different areas within a lake (Capers, 2003; Felföldy, 1981; Lehmann et al., 1997; Scheffer, 

1990; Scheffer et al., 1992; Sondergaard et al., 2010; Tóth, 1972). Several attempts have been 

made to clarify why macrophytes occur in one place but not in another, using for example 

models based on a large set of geographical and physical-chemical data of a series of lakes 

(Scheffer at al., 1992), or data on sediment chemistry and physical forces within one lake 

(Lehmann et al., 1997, Léonard et al. 2008), however in most cases no conclusive results 

could be reached. For the re-colonisation of restored lakes some established models had to be 

revisited and modified specifically, as they did not apply well enough (Scheffer, 1998). 

In lake restoration, after regulating external nutrient input, sustaining the presence of 

macrophytes is crucial for stabilizing clear water conditions (Hilt et al., 2006; Moss, 1990; 
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Scheffer, 1998). In order to achieve this, macrophyte colonisation has to be encouraged and 

supported by all available knowledge on macrophyte propagation.  

Macrophyte population dynamics, colonisation processes and also macrophyte community 

composition, depend on both environmental conditions and dispersal ability of the species 

(Capers et al., 2010; Lehmann et al., 1997). Therefore, one needs to understand the influence 

of environmental forces on growth as well as to get to know the process of propagation and 

establishment in depth, if conservation and management is to be successful. In this thesis I 

primarily concentrated on different means of macrophyte propagation and colonisation while 

taking environmental effects into account constituted a subordinate part of my work. 

1.2 Macrophyte propagation 

1.2.1 Vegetative propagation  

Macrophytes have several ways of propagation, which often occur in combination (Arber, 

1920; Barrat-Segretain, 1996; Hutchinson, 1975). Nevertheless, vegetative propagation 

dominates in most cases, while sexual reproduction is often limited (Arber, 1920; Barrat-

Segretain, 1996; Barrett et al., 1993; Borbás, 1900; Kautsky, 1990). Vegetative reproduction – 

including clonal growth as well as propagation by several asexual propagules – is an 

especially effective way of propagation in aquatic environments as the dispersal of vegetative 

propagules is facilitated by water convection. Water also protects propagules from desiccation 

and permits the transport of relatively heavy structures compared to the airborne lightweight 

seeds more common in terrestrial plants (Kautsky, 1988; Preston, 1995; Silvertown, 2008). 

Clonal growth 

There are several ways for vegetative propagation: one is simply by clonal growth, extending 

rhizomes underground and building new vertical shoots (=ramets). Two differing strategies 

can be observed: the “phalanx” and the “guerilla” growth forms (Lovett Doust, 1981). The 

first is characterized by a dense placement of ramets and constitutes a more consolidate way 

of spreading, while the guerilla growth form is characterized by long inter-ramet distances 

(=spacers) and serves better for exploring the environment and spreading rapidly.  

Most macrophytes are clonal plants, and spreading by growth of rhizomes is one of the most 

common strategies of reproduction (Kautsky, 1988; Wolfer et al., 2006). The characteristic 

shape (e.g. circular polycormons of Potamogeton perfoliatus or round patches of Typha) in 

which we find macrophytes often indicates this process (Fig. 1.2.1). Wolfer et al. (2006) 
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investigated the growth dynamics and patch development of P. perfoliatus by modelling 

clonal expansion with an individual-based spatially explicit model. Their results emphasize 

the importance of rhizome branchings for survival of the clone. 

 

Fig. 1.2.1: Aerial image of polycormons (some of them marked with arrows) in Lake Balaton 

(probably P. perfoliatus) in front of a compact reed belt (photo: VITUKI, 1987). 

 

Clonal growth is naturally species-dependent, but is also influenced by environmental 

conditions. Some regard it only as propagation when the new clonally grown parts become 

independent (Barrat-Segretain, 1996), however, from the point of view of population 

dynamics and for the whole lake, the effect of separated clones is quite comparable to that of 

interconnected units. 

The availability of resources and their patchy or unpredictable distribution has been shown to 

have an effect on ramet placement, in terms of density and hereby on spacer length and 

rhizome branching frequency of some species, while others do not seem to be as plastic in 

their architecture (see review by Hutchings, 1997). The advantage of a growth form 

developing in a plastic way and reacting to the environment is strongly dependent on the 

environment´s spatial and temporal predictability (Oborny, 1994). The concept of guerilla and 

phalanx clonal growth forms was applied already by Lovett-Doust (1981) to the same species 
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in two different habitats, stating that – while Ranunculus repens generally followed a guerilla 

strategy, the population in woodland showed more guerilla-type growth than another in an 

open habitat. He assumed this strategy to be of advantage to the clones, as this way they have 

the possibility of “sampling” the enviroment, e.g. for light spots within rather shady 

surroundings.  

Plasticity in the formation of clones, i.e. the placement of ramets is also referred to as 

“foraging“ (de Kroon & Hutchings, 1995; Slade & Hutchings, 1987). While the term was first 

used by Grime (1974) and applied to the plastic placement and formation of leaves and roots 

of non-clonal plants, it is well suited to characterize the above described behaviour of clonal 

plants (de Kroon & Hutchings, 1995). Foraging can be considered as a consequence of 

morphological plasticity, it is potentially adaptive, and is established in reaction to a 

(heterogeneous) environment and facilitates the access to resources (Oborny & Cain, 1997). 

This behaviour was first thoroughly studied in the model plant Glechoma hederacea (e.g. de 

Kroon & Hutchings, 1995; Hutchings & Wijesinghe, 2008; Slade & Hutchings, 1987), but it 

was also documented for some aquatic macrophytes, for example, Potamogeton pectinatus in 

different sediment types and under different degrees of wave exposure (Idestam-Almquist & 

Kautsky, 1995) and for P. perfoliatus plants in some features from two sites differing in 

nutrient availability in Lake Constance (Wolfer & Straile, 2004b). Resource exploitation is 

facilitated by clonal growth if ramets are positioned denser in better patches, which means 

that whenever the plant senses favourable conditions, it grows more ramified rhizomes with 

shorter spacers.  

Some plants, however, show a contradicting pattern, with longer spacers and less rhizome 

branching in the most favourable patches. For this reason, Hutchings & de Kroon (1994) 
proposed as alternative the “growth hypothesis”, according to which plants use all the 

available resources for immediate growth, therefore, in patches with good resource supply 

maximum growth is implemented.  

There are also examples of labour-division by clonal integration in patchy environment 

(Hutchings & Wijesinghe, 2008; Janecek et al., 2008; Xiao et al., 2010), where one part of the 

clone specializes in the acquisition of the single resource which is locally abundant and 

supplies other parts of the clone with it. This contradicts the strategy single (non-clonal) 

plants have to follow by investing more biomass into the part which acquires the least 

abundant resource in order to minimize its limiting effect. Clonal integration might be of 

special importance in an aquatic environment for colonising areas at critical water depths 
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from which non-clonal plants would not be able to reach the surface. Wolfer (2008) found 

some traits in P. perfoliatus pointing towards the existence of clonal integration too.  

P. perfoliatus follows a somewhat inconsistent strategy of nutrient acquisition in Lake 

Constance according to Wolfer (Wolfer, 2008; Wolfer & Straile, 2004a), complying in some 

features with the growth strategy and in others with foraging theory. In Lake Balaton, P. 

perfoliatus is one of the dominant plants and is exposed to gradients of sediment composition 

as well as of mechanical stress (wave exposure, see Chapter 3.2). Therefore, assumptions on 

the effects of environmental forces on clonal architectural features of P. perfoliatus can be 

verified in Lake Balaton. The knowledge on clonal growth of one of the major plants in Lake 

Balaton would also help understanding its role in whole-lake colonisation processes. 

Rooting of fragments 

Fragmentation is a further means of vegetative propagation, which involves unspecialized 

vegetative parts of the plants. Shoot fragments can be formed by external forces such as wave 

action, animal feeding and dislodging or human activity. Some species, e.g. M. spicatum tend 

to autofragment, which was already described early (Arber, 1920; Borbás, 1900), but also 

confirmed by more recent research (Aiken et al., 1979; Hartleb et al., 1993; Kimbel, 1982; 

Xie & Yu, 2011). As the fragments stay in a life-supporting environment (water), there is 

theoretically always the possibility of re-rooting and/or re-growing into complete plants as has 

been shown for Sparganium emersum and Ranunculus trichophyllus, but Potamogeton 

pusillus did not prove this ability (Barrat-Segretain et al., 1998). Barrat-Segretain et al. (1998) 

distinguished between colonisation (re-rooting) and regenerating (re-growing into complete 

plants) and found species that tended to colonize and others which produced great numbers of 

propagules for ensuring later re-growth but did not get established from fragments. Aiken et 

al. (1979) describe that detached M. spicatum shoots often develop roots before sinking to the 

sediment.  

As shoot fragments float free in the water, they are capable of travelling further than distances 

covered by rhizomatic growth, which makes fragmentation more similar to sexual 

reproduction (Wiegleb & Brux, 1991). It is an especially successful way of dispersal and 

regenaration under habitat conditions which involve frequent disturbance (Barrat-Segretain et 

al., 1998; Wiegleb & Brux, 1991). Most research on this topic is therefore conducted on river 

shores or flood plains (Barrat-Segretain et al., 1998; Barrat-Segretain et al., 1999; Capers, 
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2003; Riis, 2008), much less is known about its importance in the comparatively quiet 

habitats of lakes. 

Some species are outstandingly successful in this way of dispersal, for example the rapid 

spread of M. spicatum and its development into a nuisance plant in North-America is thought 

to be based on its aptitude to autofragment and regenerate from fragments (e.g. Nichols & 

Shaw, 1986). Something similar applies to the spread of Elodea canadensis in the 20th century 

in Europe (Hutchinson, 1975; Thiebaut et al., 2008). All this endorses that reproduction via 

unspecialized vegetative fragments has the potential to be a process of great ecological 

significance. 

The success of reproduction by fragmentation depends much on the species (Barrat-Segretain 

et al., 1998; 2002; 1999; Riis et al., 2009). Moreover, colonisation also depends on the size of 

the fragments available for rooting: larger fragments with more nodes and therefore more 

meristematic tissue have generally better chances of rooting (Barrat-Segretain et al., 1999; 

Riis et al., 2009). Different types of fragments might be found, e.g. some include subterranean 

plant parts (mostly rhizomes), some only shoots, others shoot tips, which also influences 

rooting success (Barrat-Segretain et al., 1999; Riis et al., 2009). For some species 

fragmentation might be part of their normal life-cycle and contribute to their dispersal (M. 

spicatum, and also the non-rooting Ceratophyllum demersum, Arber, 1920), while for others it 

might be a mere obstacle that interferes with normal plant life cycle. This should also depend 

on the degree to which a species (or a plant in a certain habitat) relies on nutrient supply via 

its roots, which are cut lost in case of fragmentation. Obviously, C. demersum is hardly 

dependent on nutrients taken up by roots from the sediment as it forms no or hardly any roots. 

The leaves of M. spicatum are highly dissected, generating thereby a much greater surface 

compared to entire leaf shapes, so it might also have an advantage as a rootless fragment over 

other, more entire leaved species, especially as it is mentioned as an “opportunistic” plant 

which can acquire nutrients both from sediment and from water, depending on the particular 

concentrations (Mantai & Newton, 1982; Nichols & Keeny, 1976; Nichols & Shaw, 1986). 

If fragmentation does not impede normal life cycle, then it should be possible for fragments to 

follow life-history in the same way as if rooted, i.e. they should complete flowering and 

fructification and carry on with shoot growth. This is a hypothesis that had remained 

uninvestigated up to now and the topicality of which is also shown by recent works (e.g. Riis, 

2009). 
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The colonisation ability by re-rooting fragments of the species constituting the majority of 

Lake Balaton’s aquatic flora is not known. Despite knowledge on few species occurring also 

in Lake Balaton, information is still not enough to draw the complete picture and assess 

colonisation potentials by this means for a macrophytic vegetation that might be recovering 

after re-oligotrophication of the lake. 

Specialized vegetative propagules 

Other ways of vegetative propagation are represented by specialized organs, which are unique 

to aquatic plants, like turions or tubers. Barrat-Segretain (1996) and Haynes & Holm-Nielsen 

(2003) distinguish tubers, which they regard as a swollen formation on stems, rhizomes or 

roots, which is connected by some tissue that decays during winter and thus releases these 

vegetative propagules but are generally rather underground; and turions which they define as 

compact apices, which become independent when connecting shoots decay. Preston (1995) 

includes structures produced in leaf axils as turions, but excludes the typical, less specialised 

propagules in the leaf axils of some species which are like a miniature plant connected by a 

slim rhizome with the parent plant ending in a new shoot or bud and roots at the tip. In his 

overview he gives as example Potamogeton alpinus, however, the same structures were also 

observed on P. perfoliatus in Lake Balaton. I decided to adopt Preston’s definition for turions, 

thereby including the specialized overwintering structures of P. perfoliatus (see Fig. 1.6.2), 

and to accept tubers as swollen formations on rhizomes or roots (e.g. as for P. pectinatus, Fig. 

1.6.3, see Chapter 1.6.3). 

Tubers and turions are sometimes both called winter-buds due to their overwintering function. 

They serve reproduction on the one hand, but are often also well adapted for storing reserves 

and thus also suitable for perennation (e.g. Barrat-Segretain, 1996; Preston, 1995; 

Sastroutomo, 1981; Van Wijk, 1988; Wolfer, 2008). Wiegleb (1991) names turions and tubers 

as one of the main formations which are produced by broad-leaved Potamogeton species at 

the end of the vegetative period in order to ensure survival and calls this the “seasonal life 

cycle”, in contrast to the dispersal by fragments, which is an aseasonal process. 

From this multiplicity of possibilities for dispersal, regeneration and reproduction, called 

“reproductive cycle options” by Wiegleb (1991), every species can resort to a certain set. The 

relative importance with which these options are used depends on the local environment 

(Capers, 2003; Wiegleb & Brux, 1991). It would be crucial to know more of the 

predominantly used “reproductive cycle options” of the most abundant macrophytes for the 
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assessment of possibilities of macrophyte stand and population development in the rather 

sparsely vegetated Lake Balaton. 

1.2.2 Generative propagation 

Sexual reproduction in the water poses some difficulties for most plants, as most aquatic 

plants have to erect their inflorescences above the water surface for fertilization, and are 

infertile in case of complete inundation (Barrat-Segretain, 1996; Hutchinson, 1975). Few 

species are adapted so far that fertilization itself can take place in the water through 

subaquaeous pollen transfer (hydrophily) (e.g. C. demersum: Proctor & Yeo 1973 in Barrat-

Segretain, 1996, Zostera marina: Reusch, 2001).  

Preston (1995) gives an overview of possible ways of fertilization within the genus 

Potemogeton. Apart from erecting the inflorescences above the water, which is the usual way 

for species within the subgenus Potamogeton (like P. perfoliatus for example) where 

peduncles are sufficiently rigid, he names three other mechanisms. “Bubble pollination” 

(hydroautogamy) is an under-water mechanism by which an air bubble is formed when the 

anthers dehisce and release pollen on the surface of the bubble, so that it can float to the 

stigma and fertilization can take place in case of a self-compatible species (Philbrick & 

Anderson, 1987). For self-incompatible species this method works similarly, here some pollen 

drifting away to a nearby stigma can accomplish fertilization. Fertilization on the water 

surface is typical for the subgenus Coleogeton (to which P. pectinatus belongs to), as here the 

inflorescences often float just as the hydrophobous pollen does (Van Wijk, 1989). However, 

according to Van Wijk (1989) P. pectinatus is able to set fruit even if it is completely 

submerged. In this case again bubble pollination is the used mechanism, with which however 

seed set remains restricted. 

Partly due to these difficulties with fertilization, many aquatic clonal plants, such as P. 

perfoliatus, rely rather on selfing with cross-pollination occurring only occasionally (Kaplan 

& Fehrer, 2004). Self-fertilization has the advantage of finding certainly a “partner” for 

reproduction, but also poses some risks, as offspring is often not as vital as if produced with 

another individual (outcrossing) (Reusch, 2001). Regarding these drawbacks, some species 

try to avoid selfing by evolving self-incompatibility or enhancing outcrossing probability by 

timing male and female flowers to ripen sequentially, like M. spicatum (Aiken et al., 1979) or 

developing dioecy, like many seagrasses (Reusch, 2001). 
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The result of sexual reproduction are seeds, containing the embryo which is protected by a 

seed coat. The outer layers of the complete fruit, consisting of endo-, meso- and exocarp may 

form a tough impermeable coat (Nultsch, 2001) of which the latter tends to be membranous, 

while the mesocarp rather fleshy and the endocarp stony and is altogether best regarded as a 

drupe (Haynes & Holm-Nielsen, 2003). 

For contributing to the spread of the population, seeds have to be dispersed, which for most 

aquatic plants means transport by water (hydrochory) (Hutchinson, 1975) but transport in the 

guts of waterfowl is also thought to be of importance (Darwin, 1859; King et al., 2002; 

Santamaria et al., 2002). Floating enhances dispersal probability and distances for water 

transport. Most aquatic plant seeds float for a certain time due to an aerenchymous structure 

of the mesocarp, some Potamogeton seeds for as long as 6 months (Guppy 1906 cited by 

Preston, 1995). After reaching a suitable patch they have to germinate and develop into 

seedlings and establish a new plant. Both germination and seedling recruitment are often of 

little success under natural conditions and highly risky. Many Potamogeton species can 

produce great numbers of seeds, but germination is often not successful (Wiegleb & Brux, 

1991). Seedlings are threatened by grazing, competition and shading by already established 

plants (Hartleb et al., 1993). Churchill (1983) found that none of the investigated Zostera 

marina seeds germinated in autumn survived until summer. Seed germination and the 

establishing phase are therefore crucial points in the survival strategy of a species (e.g. Van 

Viersen, 1982a; Van Wijk, 1989). 

Germination requirements for seeds differ between species as well as between populations 

(e.g. Hartleb et al., 1993; Madsen & Boylen, 1989 for M. spicatum, Potamogeton species: 

Teltscherová & Hejný, 1973). The special needs and seed ecological optima are only 

incompletely researched.  

One major factor in germination ecology is whether seeds exhibit any kind of dormancy. 

Dormancy might be obligate (physical) or induced (physiological), meaning that favourable 

environmental conditions make the seed germinate immediately, while this is prohibited 

under adverse conditions. The latter is the case for most Potamogeton species (Baskin & 

Baskin, 1998).  

There are several ways of breaking dormancy, one of the most frequently encountered 

methods in experiments, especially for physiological dormancy, is stratification, during which 

seeds are kept cold before they are submitted to germinating conditions, to mimick winter 
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conditions. This method was applied as early as 1936 by Muenscher for testing the 

germination of several North-American Potamogeton species (Muenscher, 1936a). 

Other treatments for breaking (also physical) dormancy often include damaging the 

impermeable seed coat structure in some way. This might be achieved by chemicals, e.g. 

acids (H2SO4, HCl), generally used in order to simulate conditions in the digestive tract of 

waterfowl (Baskin & Baskin, 1998; Santamaria, 2002; Teltscherová & Hejný, 1973; Van 

Wijk, 1989), or physical force, e.g. scaring or removing parts of the seed coat (Hay et al., 

2008; Muenscher, 1936a; Santamaria et al., 2002; Teltscherová & Hejný, 1973; Van Wijk, 

1989).  

Temperature in general also plays a major role in initiating germination: generally warmer 

temperatures, or a rise in temperature might induce the germination process, but often diurnal 

fluctuation, which occurs naturally in spring, triggers germination even more than 

temperature rise itself (Baskin & Baskin, 1998). Sensitivity towards temperature fluctuations 

was found in Phragmites australis seeds for example, but not for Typha latifolia (Ekstam & 

Forseby, 1999; Ekstam et al., 1999). Due to this feature seeds are prevented from germinating 

in too deep water, as fluctuations are expected to be greater in shallow water or on wetland 

soil than in deeper water. The timing of germination can also be regulated via sensitivity to 

fluctuations, as these are specific to seasons. 

Light intensity might be a further influencing parameter of germination. For M. spicatum a 

dependence of germination rate on light intensity (Coble & Vance, 1987) and photoperiod 

(Hartleb et al., 1993) was shown for example. Hay (2008) could establish a relationship 

between light conditions and germination percentages only for few of the investigated 

species. Generally, red light promotes germination, while increasing the ratio of far-red light 

inhibits germination, the latter penetrating water only into the shallowest depths (Baskin & 

Baskin, 1998).  

Other factors possibly influencing the success of germination are aerobic or anaerobic 

conditions (Hay et al., 2008; Van Wijk, 1989), sediment composition (Jarvis & Moore, 2008), 

salinity (Jarvis & Moore, 2008; Van Wijk, 1989), burial depth (Hartleb et al., 1993) or 

disintegration by bacterial (cellulolytic) activity (Teltscherová & Hejný, 1973). According to 

this latter study, seeds of several Potamogeton species germinated considerably faster when 

set into bacteria-rich water (water enriched with decaying detritus) than in pure water. 
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Seeds that do not germinate remain in the sediment and can accumulate to a persistent seed 

bank (Csontos, 2001; Van Wijk, 1989). These seed banks are important for re-establishing 

populations after extreme disturbance events, rather than provide for the year-to-year survival 

of the macrophtye population (Van Wijk, 1989).  

Several recent studies show that the germination ecology of aquatic species is not only still 

topical, but gaining importance with climatic change (Handley & Davy, 2005). Handley & 

Davy (2005) set their results of germination of Najas marina in a broad evolutionary 

ecological frame, discussing general advantageous features of seed dormancy like risk 

spreading, especially in the case of annuals and also in regard to changing seasonal average 

temperatures. Hay et al.’s study (2008) on the germination of several species of Potamogeton 

shows another topical aspect of research on germination. Their main concern is the potential 

of stored seed banks (at Kew Gardens) for lake restauration purposes. They tested ten species 

of Potamogeton, which yielded valuable results regarding their germination ecology, however 

many of them (e.g. P. perfoliatus) could not be tested in sufficient numbers, so results only 

give clues about preferences and suggestions for treatments.  

The potential of macrophytes’ seeds has been investigated for a long time, however, there is a 

lack of knowledge concerning several species (among them P. perfoliatus). Furthermore, no 

research has been undertaken at all to examine the seed ecology of macrophytes in Lake 

Balaton, even though it is well known that populations greatly vary in their germination 

behaviour (Madsen & Boylen, 1989). Elucidating results can be expected from research in 

this field in the largest lake in Central Europe with its unique climatic, hydrological and 

environmental conditions. 

1.2.3 Vegetative vs. sexual reproduction 

The advantages for vegetative reproduction are obvious: it is by far more secure from a 

genetical as well as from an ontogenetical point of view: it does not involve the risk of mixing 

with different genes of another genet resulting in a new genotype, which might be or might 

not be as fit for the given environment as the one already established and thriving (Maynard 

Smith, 1978). In a rather stable and predictable environment using an already approved 

genotype is a safe bet (Silvertown, 2008). Sexually produced propagules are not only of a 

genotype still to be tested, but they have to go through all the phases from germination to 

seedling and then slowly grow into a mature plant, which is a highly vulnerable and long 

process (see above). Compared to this, the vegetative growth of parts of the plant, which are 
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more or less specialized for propagation and which are developed or set free at a certain time 

promise a much better rate of becoming a successfully established mature plant (Hartleb et al., 

1993; Madsen, 1991; Silvertown, 2008).  

Maynard Smith (1978) went even further with putting the question of why sexual 

reproduction still exists, if the advantages of vegetative reproduction are so overwhelming? 

He sought the answer in his book “The evolution of sex” from several points, one of which 

includes aspects of group selection and basically represents a game theoretical view. In short, 

clonal reproduction is only advantageous in the short run. Assumed there is a female, which 

only reproduces vegetatively, it will certainly outcompete other females who have to bear the 

costs of sex (e.g. producing offspring with only half of their own genes, abandoning an 

already adapted genotype). However, the resulting strain which reproduces exclusively in a 

clonal way will not evolve any further and is therefore “doomed to extinction”. He concludes 

that in the long run, only an everchanging and evolving group of individuals is able to survive 

and to speciate.  

It seems that the question of why clonal plants maintain sexual reproduction still puzzles 

researchers. Looking at the same question from a resource allocation aspect – the usefulness 

of vegetative reproduction would be even greater if the plant did not invest in any sexual 

reproduction – Stöcklin and Winkler (2004) come by using model simulations to a similar 

conclusion, and emphasize the importance of dispersal and habitat patchiness, and also habitat 

quality for the maintenance of sexuality in clonal plants.  

Genetic depauperation is one feature of populations in which sexual reproduction is strongly 

limited. Out of 81 aquatic taxa surveyed, genetic monomorphism was widespread in several 

submerged groups (Barrett et al., 1993). Populations of Decodon verticillatus in North 

America for example proved to be genetically more uniform in which sexual reproduction 

was severely restricted (Eckert, 2002).  

Theoretically, decreased sexual reproduction should lead to a decline in population viability 

and higher extinction risks, however in reality this is not always the case. This can be 

observed on several examples within macrophytes. One of them is the rapid spread of Elodea 

canadensis and Elodea nutallii in whole Europe which took place completely asexually with 

only female plants (Thiebaut et al., 2008, Sculthorpe 1967 in Eckert, 2002). Other studies 

found no proof for any association of mainly vegetative reproduction and low genetic 

diversity (see overview in Silvertown 2008). However, Eckert (2002) argues that this might 
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be due to disregarding the scale at which studies tried to detect the effect of clonality on 

genetic variability. 

Some reason the other way round, concluding from the frequently found high genetic 

diversity in clonal plant populations, that even though clonal growth is the prevailing form, 

seed establishment is nevertheless an important part of clonal plant population processes or 

has been at some time in the population’s history (Chen et al., 2006; Engloner et al., 2010; 

Hangelbroek et al., 2002; Watson, 2008).  

As a consequence of the need of sexual reproduction for evolutionary adaptation, Maynard 

Smith (1978) supposed a selection for higher recombination rates (more sexual reproduction) 

under temporally or spatially changing environmental conditions. Another recent work 

dealing with this question is Silvertown’s (2008) in which he reviews 248 studies and 

deduced that vegetative growth works superbly in stable and predictable environments, where 

once established genets can grow unencumbered, while disturbance limits clonal reproduction 

(Silvertown, 2008). Vegetative reproduction is therefore often seen as the means of 

maintaining a population (Barrat-Segretain, 1996; Kautsky, 1990; Stöcklin & Winkler, 2004). 

Generative propagation that maintains higher genetic diversity provides chances of evolving 

together with a changing environment. This might be especially important in times of global 

climate change, which also includes changes in the precipitation regimes and might therefore 

have an effect on water level fluctuations. 

Apart from the above mentioned long-term necessity for sexual reproduction, there are also a 

number of more practical reasons why generative propagules are preferred at times. Most 

vegetative propagules are much more sensitive to adverse conditions, e.g. desiccation than 

seeds (Madsen, 1991). Therefore, it is from seeds that after periods of draught e.g. Vallisneria 

americana is expected to re-establish (Jarvis, 2008). Van Wijk (1989) found that desiccation 

was more detrimental to tubers of P. pectinatus than to its seeds. While he regards tubers to 

be the most important means of yearly survival of P. pectinatus populations, he emphasizes 

the importance of sexually generated seeds for re-establishing populations as well as for the 

maintenance of genetic diversity. 

Seed production also remains important for clonal plants because most vegetative propagules 

are not suited for long-distance dispersal as much as seeds are. This is especially true for 

habitats which are patchily available, such as most aquatic habitats (Hutchings & Wijesinghe, 

2008; Silvertown, 2008; Stöcklin & Winkler, 2004). In order to reach suitable patches seeds 
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can travel long-distances, which might occur to a certain extent via the flow of water, on the 

exterior of animals (stuck to fur or feathers) or internal in their digestive system (Barrat-

Segretain, 1996; Hutchinson, 1975 and literature therein).  

Ratios of sexual to asexual reproduction might be highly plastic in submerged macrophytes 

even within a single population (Madsen, 1991). Altogether, the optimal ratio of sexual to 

vegetative reproduction differs between species, between populations of one species and is 

also dependent on environmental conditions like habitat disturbance (Eckert, 2002; Van Wijk, 

1989; Winkler & Fischer, 2002). An increase in sexual reproduction in disturbed habitats has 

also been demonstrated for many aquatic species, such as P. pectinatus, for which Van Wijk 

(1989) showed that P. pectinatus produced more seeds in the more exposed (more disturbed) 

areas, whereas in sheltered bays it relied mainly on tuber production. Kautsky (1987) found 

that the species’ allocation to sexual reproduction varied between 5- 42%, depending on 

whether sheltered or exposed habitat conditions prevailed. For Phragmites australis, 

Lambertini et al. (2008) showed that younger and more disturbed populations were 

polyclonal, while old populations tended to consist of only one clone, obviously relying solely 

on vegetative reproduction. In a review of empirical studies on submersed macrophytes it was 

summarized that from the generally 30% allocation of biomass to reproduction, perennials 

allocated about 5% to sexual and 25% to asexual propagation (Madsen, 1991). 

1.3 Macrophytes and their environment 

Macrophytes, as all plants, react to their environment in various ways. One possible 

“reaction” is made via propagation, whether the site in question is suitable for establishing 

new individuals or not. However, reaction to the dominating conditions also happens on a 

finer scale, for example in physiology or morphology, which might also be indicative (Aiken, 

1981; Madsen, 1991) and therefore used in the interpretation of macrophyte population 

dynamics. Aquatic macrophytes are exposed to a number of environmental gradients, which 

vary not only within their distribution range, but even within one lake (Hutchinson, 1975; 

Santamaria, 2002; Spence, 1982; Wetzel, 1975). Variations in certain traits might be generally 

interpreted as being adaptive if facts indicate that the achieved state is beneficial for the 

organism. Adaptation can occur in the plant’s physiology – like the adaptation of the 

photosynthetic rate to light climate – and has been researched for macrophytes thoroughly 

(Barko & Smart, 1981a; Boston et al., 1989; Felföldy, 1960; Tóth & Herodek, 2002; Tóth & 

Herodek, 2008), in its life history (Madsen, 1991; Van Wijk, 1989; Van Wijk et al., 1988) or 

in the morphology or anatomy due to changing or differing environmental conditions. Most 
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studies on morphology mainly refer to growth, in terms of plant biomass, but some focus on 

differences in plant architecture or in leaf shape (Aiken, 1981; Pearsall & Hanby, 1925; Barko 

& Smart, 1981a; Idestam-Almquist & Kautsky, 1995). The genus Potamogeton is especially 

apt in adopting different morphological forms in reaction to the environment (Casper & 

Krausch, 1980; Herr & Wiegleb, 1989; Kaplan, 2002; Preston, 1995). This is also true for P. 

perfoliatus as has been already recognized by Glück (1924) and first experimental attempts 

had been made in 1925 to connect morphology (leaf shape) with certain chemical conditions 

(Pearsall and Hanby, 1925). Hutchinson (1975) emphasizes the morphological variations that 

occur in P. perfoliatus (and some other species) triggered by differing environments and 

Kaplan (2002) described several interesting cases of phenotypic plasticity in different 

Potamogeton species. In many cases it has only been recently clarified, using genetic 

methods, how far different morphological forms actually correspond to different aquatic plant 

species (Boegle et al., 2010; Kaplan, 2010; Kaplan & Fehrer, 2004).  

Light is one of the most important factors regulating growth (Barrat-Segretain, 1996; 

Chambers, 1987; Chambers & Kalff, 1987; Istvánovics et al., 2008; Spence, 1982; Spence & 

Chrystall, 1970b). In lakes, and especially in waters of high turbidity like in Lake Balaton, 

light gradients form along depth gradients as the water column obscures light. Sediment 

composition and nutrients, especially nitrogen and phosphorus also play an eminent role in 

defining the way plants develop (Barko et al., 1991; Barko & Smart, 1986; Istvánovics et al., 

2008; Kautsky, 1991; Spence, 1982). Mechanical forces, in lakes most frequently induced by 

waves, act physically on the plants and might influence their morphology too (Idestam-

Almquist & Kautsky, 1995; Kautsky, 1988; Puijalon et al., 2005; 2008; Spence, 1982). All 

these named environmental factors form gradients within Lake Balaton (see Chapter 1.4 and 

3.2). 

Regarding the great variability of P. perfoliatus, it is to be expected that it will show changes 

in its morphology corresponding to environmental factors, in the present case to the very 

much differing conditions at sites around Lake Balaton. Therefore, the lake constitutes a 

suitable model ecosystem for examining how macrophytes react to environmental changes. 

As described above, all over its distribution area, but also in Lake Balaton a great variability 

of morphological features has been observed on P. perfoliatus, however their relation to 

environmental factors is often not known.  
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1.4 Lake Balaton 

1.4.1 Geology and hydrology of Lake Balaton 

Lake Balaton is not only the largest lake of Hungary but of whole Central Europe, with an 

area of 594 km2 and a mean depth of 3.32 m (Zlinszky et al., 2008). With a length of 76 km 

and a width of 7.95 km it is rather elongated, which makes the generally acknowledged 

division into “northern” (north-eastern) and “southern” (south-western) shore justified. The 

catchment area of the lake is about ten times the size of the lake, 5775 km2, and consists in the 

north of a hilly region, the Balaton Uplands and of rather flat land in the south.  

Its water supply is ensured by 20 permanent and 31 temporal inflows, as well as some 

subsurface springs. Among the terrestrial tributaries River Zala is the most important, which 

flows into the western-most basin and provides 50-60% of the lake’s water input. The lake’s 

water level has been regulated since 1863 in several steps and is kept nowadays stable as far 

as possible within a range of ± 30 cm by a sluice at its south-eastern end at Siófok. This 

regulated outflow in the southeast is the only outflow of the whole lake.  

Based on water circulation patterns of the Lake, four basins can be outlined, which differ in 

mean depth and surface area, increasing from west to east (Istvánovics et al., 2007). Water 

retention time of the basins differs also: it is shortest in the West (15 months), getting longer 

in the basins further to the East (4-9 years) (Virág, 1998). 

As Lake Balaton is rather shallow, especially if compared to its large surface area, even small 

winds suffice to cause water movement. Being so shallow, sediments of the Lake are easily 

stirred up, therefore the lake is characteristically turbid, loaded with suspended solids. The 

most and the highest waves develop when winds blow from north-north-western directions, 

which is orthogonal to the two long lake shores. The highest wave measured till now was 1.82 

m (on 8th August 1963), caused by an average wind speed of 16.2 m/s from the north 

(Muszkalay, 1973). Winds coming from other directions induce only smaller waves, which is 

partly due to shorter fetch length and partly to interferences (Muszkalay, 1973). These are 

generally between 0.35-0.6 m high. Longitudinal motions of the lake water, seiches, occur 

due to long-lasting wind from one direction or differences in air pressure, but they are rare 

(Virág, 1998). The period time of such a motion is 10-12 hours in shallow Lake Balaton – 

compared to 72 minutes in Lake Geneva, which is of the same length, but there, water is not 

slowed down by the shallow bottom (Muszkalay, 1973). 
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The Lake’s narrowest point is also the deepest (with 11.2 m) and lies between Tihany and 

Szántód. Here water flows from one basin to the other at a rather high rate (with 0.5 m/s), 

while changing flow direction irregularly every now and than (Muszkalay, 1973). Studies of 

the south-western parts of the Lake showed, that winds coming from north-north-eastern 

directions induce water to stream into the westernmost basin at the northern shore and to 

leave it along the southern shore, while south-south-western winds result in water exchange 

between the basins in the opposite direction (Virág, 1998). Other patterns arise from other 

wind directions, preventing extensive mixing by building circular currents in the basins or on 

the contrary, promoting water exchange. One big circle mixing the whole lake rarely occurs. 

However, often strong currents transport suspended solids towards west, where particles settle 

in the westernmost basin, from where weaker flowing water cannot remove the sedimented 

particles well enough to make up for the received load (Virág, 1998).  

The two main shores of Lake Balaton differ characteristically in a number of features: the 

northern shore is rather protected, has a constant, rather steep depth gradient, its sediments are 

silty and more nutrient-rich whereas the southern shore is more wave exposed, with a sandbar 

starting at a distance of about 500 m perpendicular to the shore creating a shallow water zone 

(0.5-1 m) of larger grained sediment (Entz & Sebestyén, 1942; Máté, 1987; Zlinszky et al., 

2008). Prevailing north-north-eastern winds (Istvánovics et al., 2008; Tóth, 1960) are the 

underlying cause for several differences in shore characteristics, as they entail the 

accumulation of finer textured sediments on the northern site and the deposition of bigger 

particles on the southern shore (Máté, 1987). Finer grained sediments are generally more 

nutrient rich, and support better macrophyte growth (Barko & Smart, 1986). 

Apart from this striking north-south difference, there is a west-east gradient due to the only 

big inflow to the lake at the westernmost point, the River Zala, which constitutes the major 

external nutrient source. Hence, there is a trophic gradient from west to east, reaching 

nowadays from eutrophic in the westernmost basin to mesotrophic in the eastern basin 

(Présing et al., 2007).  

1.4.2 Eutrophication 

The lake has been researched for a long time, therefore scientists tried to draw public attention 

to issues of water quality decline and eutrophication from the 1960s onwards, among them the 

big fish kill in 1965 due to the use of DDT, and another similar event in 1975, which 

emphasized the need for water quality protection measures. At this time the westernmost 
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(Keszthely) basin was hypertrophic, the easternmost (Siófok) basin eutrophic (Herodek et al., 

1988). Combined measures in the 1980s (Herodek et al., 1988) – reduction of nutrient inflow 

by the development of wastewater treatment, reduction of internal load by dredging, building 

of the Kis-Balaton Water Protection Reserve in order to clean the water from the Zala river 

prior to its inflow – resulted in re-oligotrophication of Lake Balaton, through which Keszthely 

basin returned to eutrophic state and the eastern basin to mesotrophic state (Istvánovics et al., 

2007; Présing et al., 2007). 

1.4.3 Chemical characteristics of the Lake water 

Macronutrient dynamics, (as monitored by the Balaton Limnological Institute and accessible 

at http://www.blki.hu/BLKI/vizminoseg.htm) underlie internal, seasonal changes in Lake 

Balaton as well as some changes due to differences in external load, mainly by the river Zala. 

Orthophosphate-phosphorus concentrations are about 3-5 µg/l more or less all year round in 

the Lake. All biologically relevant nitrogen forms increase towards the autumn and are 

typically (e.g. data from 2007) around 5-15 µg/l NH4 and NO3, while urea concentration lies 

at about 10-20 µg/l in the eastern and western parts of the lake in late autumn. Urea and 

nitrate values increase further to about 10 and 40-50 µg/l, respectively, during the winter. In 

spring, both macronutrients decrease to a few µg/l and stay low during summer. Very clear 

water is characteristic for the summer, with chlorophyll-a values around 6-8 µg/l. In nutrients 

as well as in algal biomass, generally, there is a gradient from west to east. Orthophosphate-

phosphorus concentrations are close to detectability or slightly more, about 1-3 µg/l. 

Ammonia and nitrate concentrations are usually low in summer (about 2-10 µg/l). Towards 

the end of summer, urea concentrations rise mainly due to decomposing algae. In autumn, 

dissolved phosphorus concentrations are still very low in the east, rising towards the west 

(e.g. to 6 µg/l in 2009). Nitrate-nitrogen increases too in the autumn (to about 5-50 µg/l). 

The pH of the water of Lake Balaton is 8.6, but gets lower in reed-vegetated areas. The 

Lake’s water contains rather small amounts of alkali metal ions (Na+: 22.6, K+: 5.16 mg/l), 

but high concentrations of calcium and magnesium ions can be found (Ca2+: 29.0, Mg2+: 40.6 

mg/l), as the carbonates and hydrocarbonates (CO3
2-: 18.95, HCO3

-: 255.05 mg/l) of these 

elements define the alkaline character of the lake water (Virág, 1998). Iron is hardly to be 

found in the water (Fe2+: 0.045 mg/l).  



 23

According to the strong calcareous character of the lake water, precipitation is excessive, 

showing on encrusted leaves of macrophytes for one and in sediment composition, which 

consists of up 50-60 % MgCO3 (Csermák & Máté, 2004). 

1.4.4 Light 

Lake Balaton is highly turbid, its water exhibits high values of extinction (mean vertical light 

attenuation coefficient Kd about 1.9 m-1) and low Secchi depths (of 0.85 m on average, in the 

summer between 0.4 and 1.4, Entz & Sebestyén, 1942). This is mainly due to the great 

amount of inorganic particles in the water (25 mg/l on average, reaching maxima of 500-600 

mg/l, Entz & Sebestyén 1942), which are constantly resuspended by water motion reaching 

and disturbing the shallow lake bottom, along with slow sedimentation of the fine particles 

(Istvánovics et al., 2004). While there are no significant differences in the light extinction of 

the lake water from west to east, the two main shores seem to behave differently: the southern 

shore is more often disturbed than the northern, but as its sediment is coarser grained, it settles 

quicker than the fine sediments of the northern shore (Entz & Fillinger, 1961). Therefore, 

Entz & Fillinger show that transmission is greater on the southern shore.  

1.4.5 Temperature 

As Lake Balaton is a very shallow lake compared to its large surface, constant mixing of the 

water layers prevents the development of permanent stratification (Entz & Sebestyén 1942). 

In spring, water temperatures rise gradually, reaching maxima of 28.5°C in the summer, while 

in autumn the temperature decreases suddenly after upcoming cold and stormy winds (Entz & 

Sebestyén 1942). In spring, daily temperature shifts range between 1.0 and 6.3°C, with 2.5°C 

daily difference in March and 4.2 in April and May (own data). During winter, the lake might 

be covered by ice. Entz & Sebestyén (1942) reported ice coverage of 2-3 month per year on 

average, adding that only rarely, in very mild winters the lake fails to freeze. Today, the 

length of time the lake is covered by ice has decreased enormously, to generally about 3 

weeks (Zlinszky, pers. comm.). In Fig. 1.4 the temperature development of the lake water is 

shown, based on a 3-year-average (data from www.vizugy.hu).  
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Fig. 1.4: Average temperature of Lake Balaton. 

1.5 Macrophytes in Lake Balaton 

Macrophyte research in Lake Balaton reaches back to more than a century, when in the 1880s 

the interest of the general public was awakened by enormously increased macrophyte 

densities, which even hindered boat traffic (Borbás, 1900). At that time V. Borbás started his 

studies which were published in 1900 and which contain the first scientific description on the 

ecology of macrophytes in Lake Balaton. He mentions M. spicatum and P. perfoliatus as the 

two main species, which still are the predominant species in the lake, N. marina and C. 

demersum occurring in the Keszthely basin and Myriophyllum verticillatum at Badacsony. 

The main reason for the sudden increase in macrophytes was seen in lowering the water level. 

Towards the 1910s macrophytes receded, and the situation in Lake Balaton normalized 

(Virág, 1998).  

Few changes have taken place since that time in macrophyte species composition, e.g. P. 

pectinatus spread constantly as mappings from 1960 to 1971 show (Tóth, 1972) and is 

nowadays one of the most abundant species. In the 1960s Elodea canadensis populations 

extended (Tóth, 1972) and became a problem (first noticed in 1926), however receded 

naturally after about a decade and is today only rarely to be found in Lake Balaton (Király et 

al., 2007). Chara became extinct in the eutrophication process during the second half of the 

last century, Entz & Sebestyén (1942) mention it with declining abundance from the years 

1933-1940, while Stratiotes aloides became temporarily abundant towards the end of the 

1960s (Tóth, 1972) and is still present in the western basin. 
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Macrophyte abundance however has gone through a series of receding and spreading, with 

another high between 1934-1940 mainly in the Keszthely basin (Entz & Sebestyén, 1942; 

Virág, 1998) after some decades of retreating, another high from the beginning of the 1960s 

till 1970s followed (Kárpáti, 1980; Virág, 1998) with P. perfoliatus dominating most 

macrophyte patches, resulting in wet weights of 800 g/m2 (dry weight: 80 g/m2) (Kárpáti & 

Varga, 1970). A big lapse succeeded, mainly due to extreme eutrophication in the 1970s 

(Herodek, 1988). By 1978 an estimated area of about 1.1% of the lake was covered with 

macrophytes (Juhász, 1981), which was 4 times less than in 1976 (Virág, 1998). Several 

attempts have been made to follow and evaluate macrophyte distribution, most of them by 

mapping sections or certain bays of Lake Balaton with traditional geodetic methods (Kárpáti 

et al., 1987; Kárpáti & Varga, 1970; Kárpáti et al., 1971), but until summer 2010, when an 

extensive whole-lake survey was conducted (Zlinszky et al., 2011) only one survey covering 

the whole lake existed, based on aerial photographs taken in 1978 (Juhász, 1981). However, 

the former mappings are not sufficiently extensive and regular for analysing causes of 

macrophyte spread. An antagonistic relationship between algal biomass and macrophytes was 

suggested for Lake Balaton vegetation, similarly to other lakes (Virág, 1998). The recent 

improvement in water quality was expected to enable widespread re-establishment of 

macrophyte stands. It is not clear why this has not happened, and remains in the focus of 

research on the Lake.  

Today, most parts of Lake Balaton suitable for macrophytes sustain a Myriophyllo-

Potamogetum (Bölöni et al., 2007). Plants grow on average no deeper than 2.5-2.6 m on the 

northern shore and 1-1.3 m on the southern shore (Istvánovics et al., 2008; Juhász, 1981). 

Distribution is mainly confined by light deficiency in the highly turbid lake, as the 

photosynthetic compensation point of the dominant species also shows, which lies at a 

corresponding depth of 2.2 m (Tóth & Herodek, 2002). However, wave action also 

contributes to limiting distribution, especially on the southern shore, as Istvánovics et al. 

(2008) have concluded. 

P. pectinatus dominates in shallower, more wave-exposed areas, whereas M. spicatum and P. 

perfoliatus, the two main species in Lake Balaton proceed into greater depths. N. marina and 

C. demersum also occur in great abundances, especially in silting bays. All of them are typical 

for eutrophic waters and are characterised more extensively in the following. 
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1.6 The investigated species 

1.6.1 Myriophyllum spicatum L. (Eurasian watermilfoil) 

Myriophyllum spicatum has highly dissected leaves in whorls of four and frequently branched 

shoots (Fig. 1.6.1). When shoots reach the water surface, they form a canopy by spreading 

horizontally on the water surface. Its inflorescences are erect above the water surface and 

divided into a lower part with pistillate and an upper part bearing staminate flowers.  

 

Fig. 1.6.1: Myriophyllum spicatum. a) whole plant b) shoot c) inflorescence d) seeds e) 

fragment with roots. 

 

Flowering occurs 1-2 times per year (Titus & Adams, 1979, own observations). Information 

about pollination is contradictory, most authors describe wind pollination, but some also 

suggest insect pollination (Aiken et al., 1979). The roundish fruits fall apart into 4 seeds 

(nutlets) of about 1 mm x 3 mm (Fig. 1.6.1). Seed germination is said to be seldom (Aiken et 

al., 1979) but was found in some experiments to be 40-50% or even up to 73%, while rather 

the survival of seedlings was seen as critical (Coble & Vance, 1987; Hartleb et al., 1993; 

Patten, 1955). No turions are built (Aiken et al., 1979; Casper & Krausch, 1980) but stems 

tend to fragment even without any external force (autofragmentation). An important means of 

reproduction is thought to be by fragments, which might even root before sinking to the 

sediment, facilitating establishment (Aiken et al., 1979). 



 27

The species is perennial, with plants either described as overwintering with some shoots 

remaining evergreen (Kautsky, 1988; Nichols & Shaw, 1986) or by dying back to root crowns 

(Aiken et al., 1979). In Lake Balaton evergreen shoots can often be observed during 

wintertime.  

M. spicatum is ranked as a highly competitive species dominating in habitats with low 

disturbance and low stress (Aiken et al., 1979; Kautsky, 1988). Due to its ability to produce 

large biomass in a canopy, it can dominate suitable habitats completely (Barko & Smart, 

1981a and literature therein). 

It is basically a cosmopolitan species, occurring in circumpolar regions, in North-Eurasia 

through the Mediterranean. Introduced to North-America, it is one of the major nuisance 

species (e.g. Aiken et al., 1979). 

It occurs mainly in meso- to eutrophic waters, still or flowing and in depths of 0.5-5 m 

(Casper & Krausch, 1980). M. spicatum is salinity tolerant to a certain extent and therefore 

also found in brackish waters. The species is capable of producing allelopathically active 

substances (Gross et al., 1996). Even though it is rooted, its ability of nutrient uptake from the 

water is also well developed (Nichols & Keeny, 1976). In Lake Balaton it is one of the two 

largest and most abundant dominant species. 

1.6.2 Potamogeton perfoliatus L. (Clasping-leaved pondweed, Perfoliate pondweed) 

Potamogeton perfoliatus is the second studied, large and dominant plant of Lake Balaton, 

with shoots able to extend up to 6 m and on reaching the surface, building canopies as M. 

spicatum. It belongs to the broad-leaved section of the genus Potamogeton and has entire, 

stem-clasping leaves and strong rhizomes (Fig. 1.6.2). Leaf shape as well as whole plant 

morphology are highly variable, and in some cases might be confused with Potamogeton 

crispus (co-occurring in Lake Balaton), with which also hybridisation is possible (Kaplan & 

Fehrer, 2004; Preston, 1995). Leaves of P. perfoliatus have at least 11 veins (Kaplan & 

Fehrer, 2004). No hybrids have been found in Lake Balaton yet (Kaplan, personal 

communication). Inflorescences are rigid and held up above the water surface, therefore wind 

pollinated (Muenscher, 1936a). P. perfoliatus is mostly self-pollinated (Kaplan & Fehrer, 

2004). Seeds are roundish, up to 2.2-3-5 mm long (Wiegleb & Kaplan, 1998) and slightly 

beaked with a “trap door” typical for Potamogeton species that opens up at germination (Van 

Wijk, 1989) (Fig. 1.6.2).  
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The species withdraws all of its above-ground parts in autumn. Turions are built in 

summertime from the long rhizomes, which are basically curled rhizome tips anchoring in the 

sediment with resting buds (“turions” according to the definiton introduced further above), 

while the connecting rhizomes themselves degenerate. 

Apart from propagation by seeds and by turions, similar to most Potamogeton species, P. 

perfoliatus also propagates by rhizomatic growth (Muenscher, 1936a). 

 

 

Fig. 1.6.2: Potamogeton perfoliatus. a) whole plant with rhizomes b) fragment with roots c) 

roots d) inflorescence e) seeds e) seeds f) germinating seed g) turions. 

 

The species grows in water depths of 0.5-6 m (Casper & Krausch, 1980) in meso-eutrophic 

waterbodies. It occurs throughout Europe, North and Central Africa, Asia, Australia, eastern 

parts of North-America and Central America (Wiegleb & Kaplan, 1998). As M. spicatum, P. 

perfoliatus is also a very productive species, outcompeting most other species under 

favourable conditions (undisturbed and nutrient rich sites) by high biomasses and by placing 

this biomass on the water surface, which is optimal for photosynthesis (canopy formation, 

Barko & Smart, 1981a; Kautsky, 1988). 
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1.6.3 Potamogeton pectinatus L. (Sago pondweed, Fennel pondweed) 

Potamogeton pectinatus belongs to the linear-leaved section of Potamogeton, which is mostly 

regarded as a subgenus (Coleogeton) (Wiegleb & Kaplan, 1998) and despite several attempts 

to delineate this section as a genus of its own as Stuckenia (Haynes & Holm-Nielsen, 2003; 

Kaplan, 2008, Govaerts, 2011), in most ecological works the name Potamogeton pectinatus is 

still used. Several subspecies have been known, among them P. pectinatus ssp. balatonicus, 

which is synonymized with P. pectinatus (today in taxonomic databases as Stuckenia 

pectinata) (Govaerts, 2011). P. pectinatus’s appearance is, as the name alludes to, comb-like, 

with leaves 0.25-0.5 mm wide and 5-15 cm long, with 3 parallel veins and a pointed tip 

(Casper & Krausch, 1980) (Fig. 1.6.3). Its rhizome is much thinner than that of P. perfoliatus. 

The inflorescence is not compact (as in P. perfoliatus), the peduncle is very thin and thereby 

not able to carry the inflorescence straight up, but rather floats on the water surface (Preston, 

1995). Fruits are similar to those of P. perfoliatus, and 3.3-4.7 mm long (Wiegleb & Kaplan, 

1998), with a similar beak and trap-door.  

As other species which do not raise their inflorescences above the water surface, P. pectinatus 

is also water pollinated, or rather bubble pollinated (Preston, 1995, see section further above). 

P. pectinatus is known to produce great numbers of seeds in some locations (3 707 seeds m−2, 

(Van Wijk, 1988). However, next to being well capable of propagation by rhizomatic growth 

as P. perfoliatus, the main means of propagation are rather tubers, bulb-like winter-buds 

produced towards the end of the vegetation period on the rhizomes (Casper & Krausch, 1980; 

Haynes & Holm-Nielsen, 2003), of which one plant can produce 36 000 (Yeo, 1966).  

P. pectinatus is sometimes categorized as perennial (Casper & Krausch, 1980; Kautsky, 1988) 

and sometimes as annual (Van Wijk, 1989). These differences result on the one hand from 

different strategies the plant adopts according to the prevailing environmental conditions 

(rather annual in disturbed habitats and more perennial in less-disturbed locations), on the 

other hand on different definitions of what annual species means. Definitions range from 

“overwinters only by seed” (Madsen, 1991) to “no above-ground parts overwinter, only seeds 

or functionally similar vegetative propagules” used by Van Wijk). In some locations P. 

pectinatus shoots remain partly aboveground throughout the winter, like in Lake Balaton. 

The ecological amplitude of P. pectinatus is rather wide, just as its geographic range, which 

together is probably a reason why it is among the best investigated aquatic plants. It occurs in 

still  and flowing waters ranging from oligotrophic to hypertrophic, and tolerates brackish 
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water. In Hungary it is also to be found in alkaline lakes (Felföldy, 1990 and own 

observation). The species is found almost all over the world (Casper & Krausch, 1980; 

Wiegleb & Kaplan, 1998). It grows in water depths of 0.2 to 2.7 m. 

 

Fig. 1.6.3: Potamogeton pectinatus. a) shoot with buds b) whole plant with rhizomes c) 

flowering and fruiting on the water surface d) seeds e) germinating seed f) double turion. 

 

Despite its smaller appearance, Kautsky (1988) lists it among the highly competitive species. 

Even though it is capable of forming single-species stands, just like P. perfoliatus and M. 

spicatum, it never reaches such densities of biomass as the former two do. Due to its leaf-

shape it is often found on somewhat more exposed and shallower sites than P. perfoliatus and 

M. spicatum (Lehmann et al., 1997) – which is also the case in Lake Balaton – as here thin 

leaves are advantageous (Kautsky, 1988). 

1.6.4 Najas marina L. (Spiny naiad) 

The Spiny naiad is a well distuinguishable, very characteristic species: leaves and stems are 

covered by strong spikes, while the whole plant is rather brittle (Fig. 1.6.4). It grows up until a 

height of 50 cm, bears inflorescences in the leaf axils and is dioeciuos (Casper & Krausch, 

1980). Fruits are longish, egg-shaped and rather large (3-4 mm) (Casper & Krausch, 1980). 

As all the previously mentioned species, N. marina is also considered to be a rooting species 
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(Kárpáti et al., 1980; Kautsky, 1988). Its roots are simple, little structured and more or less 

straight. 

 

Fig. 1.6.4: Najas marina. a) shoot b) whole plant with roots c) mature seeds, one germinating 

d) green seeds e) seedlings. 

 

The species is annual, therefore overwintering occurs only by seeds, which are produced 

abundantly. The germination of seeds is known to start at temperatures of at least 15°C in 

England from about late April on (Handley & Davy, 2005). It was found to germinate best 

under anaerobic conditions at relatively high temperatures (24°C, Van Viersen, 1982b).  

It is distributed all around the world, from subtropical to temperate regions, especially in the 

northern hemisphere (Casper & Krausch, 1980). The species was proved to be moderately 

allelopathic (Gross et al., 2003). Stands can get as high as 50 cm, occurring at a depth of 2-3 

m in Lake Constance (Gross et al., 2003). In Lake Balaton however, growing in shallower 

water (1-2 m), stands can get much higher, almost reaching the surface, which is probably 

partly achieved by floating. N. marina is graded as a typical ruderal species, which is a poor 

competitor and cannot advance into more exposed areas as it is easily uprooted (Kautsky, 

1988). Therefore it prefers sheltered habitats, where decaying detritus usually provides the 

low redox potentials needed for seed germination (Van Viersen, 1982b). This species has 

somewhat higher temperature requirements than the other before mentioned species (Handley 

& Davy, 2005; Van Viersen, 1982b). Among several rooting species investigated, which 
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included also M. spicatum, P. pectinatus and P. perfoliatus, N. marina proved to have the 

highest nutrient content (nitrogen and phosphorus, Kárpáti et al., 1980).  

1.6.5 Ceratophyllum demersum L. (Hornwort) 

Ceratophyllum demersum has, similar to M. spicatum, highly dissected leaves, where 7-12 

leaves are found in a whorl and each single leaf is forked 1-2 times (Fig. 1.6.5). Leaves and 

the whole plant are however more brittle and break much easier than leaves of M. spicatum 

(Casper & Krausch, 1980). Male and female flowers are found on separate whorls. The fruit is 

4-5 mm long, egg-shaped and black. C. demersum has no roots, only so-called rhizoids 

(modified branches and leaves, thin and whitish) and is regarded therefore as a non-rooting 

species (Arber, 1920; Kárpáti et al., 1980). 

For flowering this species needs higher temperatures (about 27°C), therefore in Central 

Europe both flowering and subsequent seed production are rather exceptional (Casper & 

Krausch, 1980). As not only the whole plant, but also its inflorescences are completely 

submerged, water pollination takes place (Arber, 1920). Fragmentation, especially in autumn, 

is one of the main reproduction mechanisms (Arber, 1920). 

In Central Europe it survives winter mainly with short, vegetative shoot parts, which have 

thicker ends than usual shoots and are referred to by Casper & Krausch (1980) as turions. 

These thickened shoot-parts are often buried in the sediment for overwintering (Arber 1920). 

C. demersum occurs mainly in eutrophic, stagnant or slowly moving warm waters at depths of 

0.5-2.5 m and also in brackish water due to its salt tolerance (Casper & Krausch, 1980). It is 

distributed all over the world, from the Eurasian-Mediterranean regions, all around the 

circumpolar areas, the temperate zones to the subtropics (Casper & Krausch, 1980). The 

production of allelopathically active substances was also shown for C. demersum (Gross et 

al., 2003). Being not rooted, nutrient uptake takes place mostly over the shoots (Denny 1987 

cited in Gross et al., 2003). Thus it forms an actual competitor to phytoplankton for nutrients. 

From several investigated non-rooting macrophytes in Lake Balaton, C. demersum proved to 

be the richest in nitrogen (Kárpáti et al., 1980). Similarly to M. spicatum, P. pectinatus and P. 

perfoliatus, C. demersum is a highly competitive species, which can develop huge biomass 

(Kautsky, 1988). In Lake Balaton it often occurs in protected bays, forming large underwater 

carpets. 
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Fig. 1.6.5: Ceratophyllum demersum. a) habit b) shoot c) thickened shoot ends for 

overwintering (turions) d) unripe seeds on plant (photo: V. Tóth). 

1.6.6 Egeria densa Planch. (Brazilian waterweed) 

Egeria densa looks at first glance very much like Elodea, but is distinguished from the latter 

by having generally at least 4 leaves per whorl which results in an overall denser appearance 

(Fig. 1.6.6). To Europe, it is introduced and outside its native area only male flowers have 

been observed.  

It has no morphologically differentiated overwintering organs. As no generative reproduction 

takes place in non-native areas, only reproduction by fragments remains an option. It is 

reported from Switzerland that stems become very brittle in autumn and start to fragment, but 

the fragments usually die in winter (Cook & Urmi-König, 1984).  

E. densa is described as a perennial, which develops two seasonally different types of plant, 

one smaller, denser, less branched, typical for winter and another bigger, more frequently 

branched in the summer (Haramoto & Ikusima, 1988).  
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Fig. 1.6.6: Egeria densa. a) habit b) shoots. 

E. densa is native to South-America, but became naturalized in warm-temperate to cool-

tropical regions (Cook & Urmi-König, 1984). Cook & Urmi-König (1984) give an overview 

over E. densa’s taxonomy and ecology and describe its temperature requirements as relatively 

high, even though plants can withstand being covered by ice. The optimum growth 

temperature is reported to be 16°C and the maximum temperature for growth 25°C, with 

higher temperatures producing stress. However, details of minimum temperatures and the 

time it can endure in low temperatures are not known.  

E. densa is a highly productive plant and it often develops monospecific stands (Cook & 

Urmi-König, 1984; Mazzeo et al., 2003). In dense stands oxygen concentration and 

temperature are reduced, which is detrimental for many invertebrates.  

It grows in still or flowing water to a depth of 1-2 m. Nutrients can be absorbed by both 

leaves or roots. As the plant has no fibres, it is very rapidly decomposed and thus influences 

nutrient cycling processes (Cook & Urmi-König, 1984). 

It does not occur directly in Lake Balaton, but in an inflowing warm water channel, the 

outflow of Lake Hévíz and two other adjacent channels (Szabó, 2002). It has been reported 

from 1989 on and seems to grow in masses and to be established there constantly (Szabó, 

2002).  
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2 Aims and questions 

Changes in macrophyte abundance still occur in Lake Balaton – not only at the whole lake 

level, but more pronounced in the local patchiness. The reasons for such a great variability in 

abundance are however still obscure. The mechanisms of propagation and outer 

environmental influences on macrophyte populations are expected to be the main explanatory 

factors. The aim of this work was firstly to enlighten some of the propagation mechanisms of 

macrophytes in Lake Balaton, but also to take some of the effects of environmental conditions 

on the plants into account.  

• The use of unspecialized vegetative parts for propagation seems to be a rather 

common process, promising not only to be a successful mechanism to establish new 

plants, but also to cover somewhat greater distances than most other forms of 

vegetative means do. Therefore, I wanted to assess how far shoot fragments can 

contribute to the propagation of different macrophyte species in Lake Balaton. In 

order to examine species-specific effects as well as other (ecological-environmental) 

factors influencing rooting success I set up an experimental series, to decide whether 

species differ in their abilities of colonising by fragment rooting, whether their rooting 

rate and fragment growth is influenced by seasons and whether these depend on the 

part of the shoot from which the fragments originate from (apical or mid-shoot parts). 

• The pattern of clonal growth influences the spatial dynamics of plant populations. If 

we want to understand how clonal macrophyte populations develop and react to 

changing conditions, knowledge of their clonal architecture, also in relation to 

different environmental conditions is essential. Thus I wanted to investigate the clonal 

architecture of P. perfoliatus in Lake Balaton, how this reflects clonal growth and how 

architecture is affected by different environmental conditions. For evaluating clonal 

growth in a variety of habitat conditions, I assumed a foraging strategy according to 

which certain features should be more pronounced on more agreeable sites, which 

were assumed to have more nitrate, more phosphorus, less organic matter content in 

the sediment and/or smaller fetch lengths (less mechanical stress).  

• In the long run, some generative reproduction is essential to clonal plants, for reasons 

of genetic diversity, maintaining the potential of evolving with changing 

environmental conditions as well as for long-distance dispersal, in order to establish 

populations out of the reach of vegetative means of propagation. I aimed at assessing 
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the possiblities of macrophytes in Lake Balaton for sexual reproduction and 

investigated to this end what the most favourable conditions for macrophyte seed 

germination are. I wanted to ascertain whether seed germination is influenced by 

temperature (which might be constant or diurnally alternating), by a previous cold-

treatment or by light conditions. 

• Each of the introduced ways of vegetative as well as generative propagation has its 

advantages and disadvantages for the different macrophyte species in different 

environments. Considering the rather stable conditions (regarding water level) in Lake 

Balaton, I wanted to know which mechanisms the different macrophyte species in 

Lake Balaton use for colonisation and how they occupy cleared patches. Further, I 

tried to find out whether there are species-specific strategies and whether there are 

seasonal differences in gap colonisation (also compared to the natural seasonal 

population growth dynamics). 

• In contrast to the diverse colonisation and receding processes, which result in 

presence/absence, reactions on a smaller scale, like changes in morphology can be 

considered as well in order to assess environmental effects on plants and possibly on 

population dynamics. For this, I chose a dominant macrophyte of Lake Balaton, P. 

perfoliatus and investigated how the different environmental conditions in Lake 

Balaton are reflected in the morphology of my model plant. More precisely, I assessed 

whether wave exposure, sediment nutrient content and light have an effect on leaf and 

shoot growth. 
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3 Materials and methods 

3.1 Fragment rooting experiment 

In order to examine how shoot fragments can contribute to the colonisation process, a 

laboratory experiment was set up, where the ability of 3-6 species to build new roots on shoot 

pieces of a standardized length and grow into the underlying sediment was examined.  

For investigating how far fragments are capable of continuing their normal life-cycle, shoots 

with flowers (of P. pectinatus, P. perfoliatus and M. spicatum) were also included in the 

beginning, as well as generally non-rooting species, like C. demersum. 

After an 11 week pre-experiment, the first series was set up in spring, on the 22nd May 2008 

with the three main species occurring in Lake Balaton, P. perfoliatus, P. pectinatus and M. 

spicatum. Shoot apices and mid-parts (stems) of 15 cm length were cut from plants collected 

in Lake Balaton and placed into large pans filled with 1 cm of pebbles and 1 cm of lake 

sediment above which 7 cm of lake water was added (Fig. 3.2), similarly to the set-up of 

Barrat-Segretain et al. (2002). The number of fragments used in each of the three runs is to be 

seen in Table 3.2 (Appendix). Fragments were all individually tagged, and studied for 6 

weeks. They were examined weekly, their length measured, root-growth and rooting into 

sediment checked while water was exchanged in the pans. Rooted plants were removed from 

the pans to exclude too strong competition. If shoots fragmented further, the new fragment 

was tagged as well and followed as a new plant. This was done in order to include the 

possible effect of further fragmentation on the chances of colonisation.  

 

Fig. 3.2: Experimental set up for the examination of fragment rooting of different species of 

Lake Balaton. 
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Pans were kept under semi-controlled conditions, while light and temperature was checked 

permanently and nutrient conditions regularly on a bi-weekly basis. Light was provided by a 

combination of natural and artificial sources (two fluorescent white light tubes) resulting in a 

mean intensity of 63-95 µmol m-2 s-1. 

After 6 weeks, when most plants had either rooted or showed signs of degeneration, on the 3rd 

July 2008, the second run was started, with the same specifications apart from including now 

additionally C. demersum and E. densa. This summer experiment was continued for 5 weeks. 

The third, autumn repetition started on 7th August 2008, lasted again for 5 weeks and included 

a further species, N. marina. In order to examine their further development half of the C. 

demersum shoots were carried on from the previous experiment, as they looked overall vital. 

For analyzing most of the colonisation experiment, only data of shoots from the beginning of 

the experiment were used, while data of those fragments developed during the study were 

usually omitted, except if this was of special interest, where it is distinctively stated. 

Data analysis was performed in R 2.10.0, using logistic regression analysis for colonisation 

probability. For analysis of the effect of shoot parts on shoot length growth, data of fragments 

on the 2nd week of the experiments was used and transformed so that no negative values 

remained, log-transformed for P. perfoliatus and E. densa and analyses of variance were 

performed.  

3.2 Investigating the clonal growth and architecture of P. perfoliatus 

In order to study the clonal (rhizomatous) spread of macrophytes in Lake Balaton, P. 

perfoliatus was chosen as a model plant. In Lake Balaton, it is one of the largest and most 

frequently occurring plants, therefore relatively easy to handle and assess systematically. The 

aim of the study was to characterize the clonal architecture of P. perfoliatus in Lake Balaton 

and to investigate how environmental factors affect the clonal architecture of this pondweed. 

From this, information on the maximum potential of rhizomatous growth was expected along 

with more general conclusions on the spatial spread of this dominant macrophyte, also to 

assess its ability to grow and potentially adapt to different environmental conditions.  

3.2.1 Sampling sites 

As Lake Balaton exhibits differing conditions in basically two more or less orthogonal 

directions – a trophic gradient from west to east and two main exposure types represented by 

the southern/northern shore – sampling sites were chosen in order to reflect these differences: 
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half were on the southern and half on the northern shore. As nutrient content of the sediment 

as well as of the water declines steadily from west to east and thereby creates a trophic 

gradient, sampling sites chosen along the two main shores were aligned along this gradient. 

For this study, ten sites around Lake Balaton were chosen randomly from the known 

occurrences along the two shores (see Fig. 3.3.1). 

Data of the chemical properties of the sediment were obtained from the map server of the 

University of Keszthely (http://vektor.georgikon.hu/website/meder/viewer.htm) and from 

Csermák & Máté (2004) and are shown in Table 3.3.1. Wave exposure is mainly determined 

by winds coming from the prevailing wind direction – which is northwestern at Lake Balaton 

– and the fetch length. For calculating wave exposure only fetch lengths in the direction of the 

main wind were used. Fetch lengths for the sampling sites on the southern shore were more 

than 30-fold longer (up to 8.1 km) than fetch lengths for northern shore sampling sites, where 

it was 440 m on average.  

 

 

 

 

 

Fig. 3.3.1: Map of sampling sites (letters A-J) for investigating the clonal architecture of P. 

perfoliatus around Lake Balaton. 
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Table 3.3.1: Sampling sites with geographic (fetch length (fetch), distance from western 

shore (distW), shore (N – northern, S - southern)) and sediment chemical characteristics (N: 

NO3-NO2, org: total organic matter content, P: P2O5). 

site shore distW fetch N org P 
    [km] [m] [%] [%] [mg/kg]
A S 6 7808 0.00 1.39 285.0 
B S 12 8169 5.00 3.05 194.7 
C S 24 6110 1.80 1.51 164.0 
D S 40 7000 0.95 0.46 46.5 
E S 51 7521 1.80 0.58 68.0 
F N 6 1032 0.40 3.05 191.0 
G N 33 300 9.40 3.64 142.0 
H N 41 337 9.00 3.07 79.5 
I N 45 300 3.75 3.30 136.5 
J N 53 240 5.10 2.01 115.0 

 

3.2.2 Sampling 

Samples were taken in July 2008. The water depth in which plants were collected was chosen 

to be at 1 m (± 10 cm). 4-7 clones of P. perfoliatus were dug out carefully by hand on each 

site, following each rhizome as far as possible in the sediment. 

As it was impossible to remove roots completely from the sediment without losses, a second 

method was additionally applied: a tube of 15 cm diameter was forced into the sediment to a 

depth of about 20 cm, a sediment core removed and placed immediately on a 50 cm x 50 cm 

square sieve, where the complete root system could be washed out and retrieved without 

significant losses.  

3.2.3 Measurements 

The following variables were measured on the clones: rhizome internode length (reflecting 

spacer lengths, which is the distance between two shoots, generally two rhizome internodes 

for P. perfoliatus) and shoot length were measured and the number of rhizome branchings 

counted. Whole clones were cut into shoots, rhizomes and roots, dried to constant weight and 

weighed.  

From the additional root-sampling, roots from each node were cut off, dried and weighed. For 

further calculations the average root dry weight (DW) for each site was used, derived from the 

root-sampling by sediment coring. 
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3.2.4 Data analysis 

All variables were standardized, e.g. related to 1 m of rhizome or calculated per node or per 

shoot in order to make comparisons independent of actual clone size. After this procedure, the 

7 variables used in the analyses were the following: number of branchings, internode length 

on rhizome, average shoot length, total shoot DW per number of shoots (i.e. average shoot 

DW for a clone), root DW per node, rhizome DW per rhizome length and shoot to root ratio. 

First, a Principal Component Analysis (PCA) was performed with PCOrd (McCune & 

Mefford, 1999) with data standardized by standard deviation of each described variable. A set 

of environmental variables (containing fetch length of the site, total nitrogen, nitrate, 

phosphorus, potassium, calcium carbonate and total organic matter content of the sediment) 

were overlaid on the architectural data (second matrix overlay) in order to obtain the main 

influencing variables. 

Then, data were analyzed (in R 2.10.0) by Multiple Linear Regression with the four variables 

nitrate, phosphorus, organic matter content and fetch chosen from the set of explanatory 

variables (mainly data on sediment chemistry, see above) in order to avoid collinearity and 

also according to suspected relevance. For the analyses calcium and potassium were excluded, 

as they both were highly correlated with organic matter content. Regarding the results 

however, these correlations should be kept in mind. 

Normality of error and homogeneity of variance were checked on residual-Q-Q plots, graphs 

of residuals versus fitted values and standardized residuals versus leverage. Based on these, 

shoot length, shoot DW and shoot : root ratio were log-transformed. Backward selection was 

applied to choose the most significant variables. All models were descaled in order to obtain 

scale-independent coefficients (beta-coefficients). 

3.3 Seed germination experiment 

3.3.1 Experimental set-up 

In order to examine the requirements for successful germination of Lake Balaton’s 

macrophyte species, I set up an experiment in which the effects of different temperature 

levels, diurnal temperature fluctuations, light and previous cold-treatment (stratification) 

could be examined. 

Seeds were collected during the late-summer months (August-September) 2009 from 4 

macrophyte species (P. perfoliatus, P. pectinatus, M. spicatum, N. marina) in Lake Balaton. 
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Only seeds attached to the plants were collected. All seeds were put into separate aquaria for 

each species to allow ripening to finish. When ripe, fruits become detached (as described by 

Van Wijk (1989) and can be collected from the aquaria.  

The previous cold-treatments – which were supposed to model a short but intense winter 

period – lasted for 1-2.5 weeks at 1-2°C. This temperature corresponds to minimum water 

temperatures reached in Lake Balaton in winter due to the shallowness and constant mixing of 

the water. 

Seeds were kept wet at all times, in order to prevent damage (Van Wijk, 1989) (or possibly a 

triggering of germination, Baskin & Baskin, 1998) by desiccation. Seeds were put into petri-

dishes (7-15 seeds in each) on thoroughly wetted or submerged filter paper (Fig. 3.4.1) 

without being sterilized in order to retain their natural bacterial flora and keep experimental 

conditions as close as possible to natural conditions. 

 

Fig. 3.4.1: Set-up of the seed germination experiment. a) seeds in petri dishes on wet filter 

paper b) seedlings in one of the dishes. 

The effect of light was only investigated for P. perfoliatus. Here, 1/3 of the petri-dishes in the 

second series were wrapped in aluminium foil. Artificial light was provided for the rest of the 

seeds by white fluorescent tubes or from low-energy light bulbs, amounting to a light 

intensity of 200-300 lux (2.7-4.0 µmol/m-2s-1) in a 12 hour light/dark cycle (as used by e.g. 

Handley, 2005, Hay, 2008). 

There were 2 treatments with alternating temperatures, as given below in Table 3.4.1.1 and 3 

constant temperature treatments, which however fluctuated unexpectedly during the 

experiment. For these the measured average temperatures give an approximation of the 

temperatures seeds experienced. For the temperature treatments with diurnal changes, the 

chosen amplitude of the fluctuations was based on the minimum and maximum observed 
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changes during springtime in shallow Lake Balaton waters (own data), while the temperature 

range covered the range experienced from spring to summer. 

Table 3.4.1.1: Average temperature of alternating/constant temperature treatments (in °C). 

locationday night 
A1 18.0 16.0 
A2 23.5 16.8 
C1 18.0 
C2 19.0 
C3 21.0 
 

Two series of experiments were set up for P. perfoliatus, one for P. pectinatus for all places 

with ca. 2 weeks delay and one for N. marina. Therefore the total number of seeds used in 

each treatment was as to be seen in Tables 3.4.1.2-3.4.1.5 in the Appendix. 

Seeds were considered to be germinated when "trap doors" on the seeds opened and the 

cotyledon became visible (Van Wijk, 1989) (see Fig. 1.6.2). Germinating seeds were counted 

at least weekly. Dark treatments were unwrapped and counted in normal light, then re-

wrapped to ensure that the handling itself had no effect on germination (possibly enhanced 

aeration by opening lids of petri-dishes). The experiment lasted for 3 months. 

3.3.2 Data analysis 

Germination time (=time after which germination occurred) and germination rate 

(=percentage at which seeds germinated within a batch) were calculated from the regular 

seedling counts. Due to the incomplete design, data on germination time of P. perfoliatus had 

to be analysed with ANOVA (or t-test) or, if no successful normalisation could be achieved, 

Kruskal-Wallis test (and posterior, Mann-Whitney-Wilcoxon tests) on the locations and 

previous cold-treatment as factors. Numbers of germinated seeds (referred to as “germination 

rate”) were compared by Chi-square-tests for different locations, cold-treatment and light. 

Apart from testing effects of light-dark treatment, data were analysed with dark-treatments 

excluded for minimizing a known source of heterogeneity. 

For comparing germination rate of P. pectinatus between places, Fischer’s exact test had to be 

used due to some low group counts, whereas for testing effects on germination time ANOVA 

could always be used on location, cold-treatment and interaction of the two.  

P-values not significant at the 0.05 level, but close to 0.10, are given numerically, while much 

larger p-values only as “> 0.05”. 
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3.4 Gap colonisation in-situ experiment 

In order to study the way and the dynamics of colonisation of new gaps in the macrophytic 

vegetation of the littoral zone an in-situ experiment was set up where the process of 

colonisation by the naturally surrounding species could be observed and quantified. 

Ten plots of 1 m x 1 m were designated on two sites (near point J in Fig. 3.3.1) representative 

of two types of littoral vegetation in 0.6 - 1 m deep water in Lake Balaton in early June 2009. 

By choosing these two sites, occupied mainly by P. perfoliatus and M. spicatum, the most 

frequently encountered habitat types were covered.  

All vegetation was removed from the plots by hand, equipped with scuba diving gear, while 

care was taken to remove subterranean parts of the existent plants as completely as possible. 

These plots were checked every 3-4 weeks until October. Each time all newly grown 

vegetation was carefully removed and all established plants counted, weighed and dried 

separately for each species for determining their dry weight (DW). Harvesting of plots was 

divided into an outer area (outer 15 cm) and the remaining inner area. Special care was taken 

to separate those plants that were actually rooted from those just lying on the sediment surface 

(without any roots). It was always one plant or if further growth had occurred, one 

interconnected clone that was regarded as one colonisation event. For C. demersum, which 

hardly roots naturally, colonisation was counted as such if any shoots were found lying on the 

sediment surface. 

Additionally, two new control plots were marked each time, to monitor the undisturbed 

development of the surrounding macrophytic vegetation. These were harvested each further 

time, and plant fresh and dry weight was determined for each species. 

While removing the newly grown plants, I noted which way the plant most probably had 

colonised the plot. For this I assumed 4 different modes in advance mostly based on previous 

observations and literature:  

1. Colonisation by fragmentation and subsequent rooting of the shoot fragments,  

2. colonisation by clonal (rhizomatic) growth from neighbouring plants,  

3. colonisation by specialized vegetative propagules (turions or tubers), 

4. colonisation by sexually produced seeds germinating. 

The first is detectable by the blackened, slightly decomposing endings of a (half-buried) shoot 

from which the plant re-grows (see also Capers, 2003), the second case is obvious by the 
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physical attachment to plants through their rhizomes outside the plot, the third should be 

recognizeable by the remainings of the vegetative propagule that germinated, just as the 

fourth case (Capers, 2003). 

Data were analysed with Excel and R. Chi-square tests were applied for testing the 

composition of different strategies, and t-test was used for evaluating differences in 

colonisation biomass between inner and outer area of plots. 

3.5 Investigating the morphology of P. perfoliatus 

3.5.1 Sampling sites 

Sampling sites were chosen according to the same pattern as described above for architectural 

investigation (see Chapter 3.3). Here, 8 sites were designated on the southern shore and 9 on 

the northern. Sediment and fetch data for these are shown in Table 3.6. 

A light gradient was included in addition to the already mentioned gradients of wave exposure 

and sediment nutrient content. As Lake Balaton is highly turbid, its water exhibits high values 

of extinction. Therefore, if we regard the light that reaches plants growing from the bottom of 

the lake, we can assume a rather steep light gradient with light intensity values declining as 

water depth increases.  

 

Table 3.6: Sampling sites with sampled water depths, geographic (fetch length (fetch), 

distance from western shore (distW), shore (N – northern, S - southern)) and chemical 

characteristics (P: P2O5, N: total N, CaCO3 and pH). 

Site Samples from water depth in fetch distW shore P N CaCO3 pH 

 June July August [m] [km]  [mg/kg] [%] [%]   
A 60 70 60 414 0 S 282.5 1.88 34.2 7.8 
B 70, 90, 110 55, 70, 95 50, 70 7808 3 S 265.5 0.93 27.4 7.1 
C 35, 70, 90 15, 50, 75 50, 70 6183 10 S 201.5 0.25 41.9 7.3 
D 65, 80 50, 85 80 8169 12 S 152.0 0.20 39.8 7.5 
E 100 60, 80 55, 70 6110 24 S 164.0 0.19 42.5 7.5 
F  - 95 85 7521 51 S 68.0 0.06 24.0 7.5 
G 80 75 55, 85 9546 56 S 28.5 0.05 24.5 7.9 
H 75, 100, 110 60, 85 50, 70 8633 59 S 71.0 0.05 16.0 7.3 
I 140 130 100 1032 6 N 191.0 1.76 53.4 7.7 
J 210 190 180 67 8 N 217.0 0.23 53.8 7.4 
K 135 115 110 474 15 N 163.5 0.28 53.9 7.2 
L 140 140 130 278 19 N 199.0 0.13 59.0 7.6 
M 240 170 160 156 28 N 143.0 0.09 49.2 7.4 
N 110, 140 85, 100, 125 125 337 41 N 79.5 0.20 52.0 7.1 
O 160, 190 150, 160 150, 170 240 53 N 99.0 0.23 37.0 7.2 
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P 140, 220 220 190 172 58 N 112.0 0.22 59.0 7.4 
Q 70, 110, 140 90, 110, 140 85, 100, 120 154 65 N 216.5 0.21 48.0 7.1 

 

3.5.2 Sampling 

During summer 2007, 17 sampling points around the lake (Fig. 3.6.1), distributed on both 

shores were visited monthly, i.e. in June, July and August. Each time, 5 (4–6) shoots were 

collected on average at each sampling site chosen randomly from the detected vegetated 

spots. As vegetation in Lake Balaton is generally not continuous, sampling at the different 

sites along a water depth gradient orthogonally to the shore could not always be executed, but 

wherever vegetation occurred at different depths on the same site, 5 samples were taken from 

each depth within each site (see Tables 4.5.1.1-4.5.1.3 in the Appendix for exact number of 

replicates (n) and Table 3.6 for water depths). 

 

Fig.3.6.1: Map of sampling sites around Lake Balaton and position of Lake Balaton within 

Hungary. 

3.5.3 Measurements  

By choosing variables reflecting features of the whole plant as well as others referring to 

shape and size of leaves we tried to cover the whole range of possible morphological 
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variations. The following 11 variables were chosen or calculated: shoot length (length of 

whole shoot from stem base to tip of furthest leaves), internode length, mean leaf area (LA), 

leaf length:width ratio (L:W), standard leaf area (SLA=leaf area/leaf dry weight), number of 

leaves (on main branch), stem diameter at the base, stem mass density (stem dry weight/stem 

volume – latter approximated as a truncated cone for including the difference between stem 

base and stem tip diameter), stem dry weight (dry weight=DW, of main stem), leaf DW 

(totalled for all leaves on main stem) and total plant DW (main stem+leaves on main 

stem+side branches). Shoot length and stem diameter were measured by measuring tape and 

calliper. Leaves were scanned and their dimensions acquired with the help of the software 

ImageJ (http://rsb.info.nih.gov/ij/) with the accuracy of 0.01 mm. Leaves and stems were 

dried at 105°C and weighed. Traits referring to leaves were averaged for each plant.  

3.5.4 Data analysis  

The data were analysed by multivariate and bivariate methods. Principal Component Analysis 

was performed (with data standardized by standard deviation), such that convex polygons 

were superimposed afterwards to picture potential patterns using the SynTax program 

package (Podani, 2000). These 11 variables were also tested with a General Linear Model 

(GLM) (using Statistica), consisting of the shore as categorical variable, water depth and 

phosphorus content as continuous variables, considering also interactions between categorical 

and continuous variables and applying a Bonferroni-correction for multiple comparisons. 

Normality of error and homogeneity of variance were checked visually on residual-Q-Q plots, 

graphs of residuals versus fitted values and histograms of residuals. Based on these, data were 

transformed as follows: for June internode length was square root transformed, stem density, 

stem DW and total DW were log-transformed; for July shoot length was square root 

transformed and internode length, LA, SLA, stem density, stem DW, leaf DW and total DW 

were log-transformed; for August stem DW, leaf DW, and total DW were square root 

transformed, shoot length, internode length, LA, SLA and stem density were log-transformed. 

Model choice took into account that the interaction between water depth and shore was never 

significant, thus it was omitted from the model.  



 48

4 Results 

4.1 Colonisation by fragments 

4.1.1 Continuation of generative procedures 

From all introduced fragments of P. perfoliatus, P. pectinatus or M. spicatum bearing buds or 

flowers none continued to develop. Buds and inflorescences always decayed, flowering 

shoots never succeeded to produce seeds. Fragments only produced new buds rarely (0-15%, 

mean 4%) during the experiment, which however never succeeded to mature and always 

decayed finally. N. marina regularly developed flowers after fragmentation, even though 

ripening of seeds could not be observed. 78 to 94% of all N. marina fragments had flowers. C. 

demersum was observed to build few (3) flowers, after only 1 week of experimentation in 

series 2.  

4.1.2 Survival rate 

Survival rates ranged from 67 to 100%, with some differences depending on whether new 

fragments produced during the experiment were counted or not (Table 4.1.2). C. demersum 

shows the lowest survival rate while E. densa the highest, which is in line with the success 

rates in colonisation. 

Table 4.1.2: Survival rates of fragments of the different species after 5-6 weeks of 

experimenting, calculated with fragment numbers at start of experiment being 100% and with 

all new fragments produced during experiment included. 

  survival rate based on 

species 
original fragment 

numbers 
total fragment 

numbers 
C. demersum 67% 94% 

E. densa 95% 100% 
M. spicatum 88% 85% 
N. marina 75% 83% 

P. pectinatus 81% 95% 
P. perfoliatus 74% 85% 

4.1.3 Percentage of rooting and influencing factors 

The percentage of fragments of different species developing roots and anchoring with these in 

the sediment after 5-6 weeks is shown in Table 4.1.3.1. If only those shoot fragments are 

regarded which were present from the start of the experiment on, E. densa and P. perfoliatus 

are the most prominently leading species, followed by M. spicatum and further by P. 
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pectinatus. N. marina showed limited rooting activity and C. demersum none at all. This rank 

order is similar also if the fragments generated during the experiment are included.  

Table 4.1.3.1: Percentage of shoot fragments rooting after 5-6 weeks  

  
rooting (only shoots 

from start) rooting (all shoots) rooting series 2 & 3 

C. demersum 0% 0% 0% 
E. densa 93% 113% 93% 

M. spicatum 59% 66% 83% 
N. marina 10% 10% 10% 

P. pectinatus 39% 41% 60% 
P. perfoliatus 64% 71% 90% 

 

Combining data of the species included in all three seasonal repetitions (M. spicatum, P. 

perfoliatus and P. pectinatus) in a logistic regression, we can see that season (experiment 

number) has a significant effect (p<0.001) on rooting probability with the second and the third 

series (summer and autumn) differing mainly from the first (spring) series. Differences 

between the species (p<0.001) were also present, P. pectinatus being distinct from P. 

perfoliatus and M. spicatum. But also shoot part (apical or stem) had a significant effect on 

rooting probability (p<0.01).  

Regressing the rooting probability of all species which allow a definite separation of apical 

and stem parts (M. spicatum, P. perfoliatus, E. densa), the effect of shoot part proves to be 

significant, too (p<0.01), while between these 3 species no differences can be detected (see 

also Table 4.1.3.1). A seasonal effect on rooting probability can be seen here as well 

(p<0.001). Slight differences between shoot parts of the single species were observable 

(rooting of apical vs. stem part for P. perfoliatus: 80% vs. 50%, for M. spicatum: 67% vs. 

50%, for E. densa: 90% vs. 95%), but not significant (interaction between species and shoot 

part). 

For most species successful rooting was much more frequent in series 2 and 3 (summer and 

autumn) than in the first series (spring), therefore average rates of rooting are given for the 

former separately in Table 4.1.3.1. No remarkable differences were observed between results 

from the 2nd and the 3rd series. 

Another interesting feature that can be derived from the experiment data is the tendency of the 

single species to get fragmented. In Table 4.1.3.2 these “fragmentation indices” can be seen as 

calculated from the number of originally included shoots and the number finally obtained at 
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the end of an experiment. N. marina shows the most intensive fragmentation, producing about 

the same number of new fragments as initially introduced (most shoots introduced at the 

beginning were broken into two pieces by the end of the experiment). 

The produced fragments have basically the same potential for rooting as those introduced at 

the beginning of the experiment. Comparing the rooting ratios, we can see that the success 

rate of new fragments is for most species almost as high as for the shoots introduced at the 

beginning (Table 4.1.3.3). For P. perfoliatus rooting rate of new fragments is even higher, 

while new shoot fragments of M. spicatum strikingly underperform. 

Table 4.1.3.2: Total number of shoots for each species at the start of the experiments, newly 

built fragments and the calculated fragmentation index. 

  
C. 
demersum E. densa 

M. 
spicatum N. marina 

P. 
pectinatus 

P. 
perfoliatus 

start 20 40 70 20 70 70 
new 15 11 31 21 6 7 
fragmentation 0.8 0.3 0.4 1.1 0.1 0.1 

 

Table 4.1.3.3: Rooting rate of shoots introduced at the start of the experiments and newly 

generated fragments for the different species.  

  
C. 
demersum E. densa M. spicatum N. marina 

P. 
pectinatus 

P. 
perfoliatus 

start 0% 93% 59% 10% 39% 64% 
new 0% 73% 16% 0% 33% 71% 

 

4.1.4 Rooting time 

Most shoots rooted between the second and the third week after the start of the experiment 

(Table 4.1.4). M. spicatum and E. densa were the most rapid to root, with 2.4 weeks on 

average, while P. perfoliatus was somewhat slower to root into the sediment (2.8 weeks) and 

rooting of P. pectinatus took even longer (3.5 weeks). The distribution of rooting times can be 

Table 4.1.4: Time (in weeks) needed for rooting by the examined species on average from the 

start of the experiment on and with rooting time of fragments produced meanwhile included. 

 
shoots from 
the beginning 

all shoots 
included 

M. spicatum 2.4 2.4 
P. perfoliatus 2.8 2.8 
E. densa 2.4 2.3 
P. pectinatus 3.7 3.7 
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Fig. 4.1.4: Histogram of the rooting times observed for different species (Myr: M. spicatum, 

perf: P. perfoliatus, pec: P. pectinatus, Egeria: E. densa). 

seen in Fig. 4.1.4 As expected, all distributions are skewed, however it is to be mentioned that 

the tail to the right is in most cases not due to fragments rooting produced during the 

experiment. The pointedness of the distribution reflects the intensity of rooting activity of the 

single species. No rooting has been observed before the second week. 

4.1.5 Shoot length 

Most species showed a distinct pattern of shoot length growth or decline. During the first 

weeks of the experiment mean shoot lengths usually increased, which was best observed on 



 52

shoot apices. After that, shoot lengths decreased, sooner or later and to a greater or lesser 

extent (Fig. 4.1.5.1), depending on the species.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1.5.1: Development of shoot lengths for 

different Lake Balaton macrophyte species 

during the 5-6 weeks of the fragment rooting 

experiments (from top to bottom: series 1, 2 and 

3). Only non-rooted shoots are counted towards 

average shoot lengths. Species abbreviations: 

Myr: M. spicatum, perf: P. perfoliatus, pec: P. 

pectinatus, Egeria: E. densa, Najas: N. marina, 

Cer: C. demersum) 

P. perfoliatus mean shoot lengths decreased obviously, which is mainly due to the fact that 

the remaining, not yet rooted shoots fragmented further. E. densa disappears from the plot 

with all shoots rooted rather soon in experiment 2. In experiment 3, only a few shoots remain 
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till the end of the experiment, which continued to grow in length. N. marina showed an 

extreme decline in mean shoot length caused by a strong inclination to fragmentation (see 

section above). C. demersum first showed extreme growth in length in a very short time. For 

the first 5 weeks of the experiment the plants looked vigorous, however, during the second 5 

week-period (where shoots were re-used in experiment 3, see Materials and Methods) it 

started to lose its dark-green colour and fragmented at a very quick pace. None were observed 

to root, and only few to build flowers (3 C. demersum after 1 week after start of the 

experiment (series 2).)  

The development of shoots was also examined regarding the influence of the two different 

shoot parts (apex vs. stem) and for influence of the experiment series themselves. For all three 

species with a definite shoot tip (M. spicatum, P. perfoliatus and E. densa) the difference in 

growth was highly significant (ANOVA p<0.001, see Table 4.1.5). Length growth of apical 

fragments was always greater than that of stems with M. spicatum and E. densa apices leading 

(see Fig. 4.1.5.2 and Table 4.1.5). Significant difference between the experimental runs was 

only observed in M. spicatum shoots (ANOVA, p<0.01) where series 2 and 3 differed from 

series 1.  

Table 4.1.5: Median growth (in cm) and growth rate (cm/day) of shoot fragments of apical 

and stem parts after 2 weeks, results of ANOVA.  

Growth [cm] of fragments ANOVA 

species apex stem part series 

growth rate 
[cm/day] 

M. spicatum 7.8 2.3 F(1)=22.86*** F(2)=7.13** 0.56 0.16 
P. perfoliatus 5.3 -0.6 F(1)=75.11*** n.s. 0.38 -0.04 

E. densa 7.6 1.3 F(1)=31.93*** n.s. 0.54 0.09 
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Fig. 4.1.5.2: Length growth of apical fragments and stem fragments in Myriophyllum 

spicatum, Potamogeton perfoliatus and Egeria densa.  

4.2 Clonal growth and architecture of P. perfoliatus 

4.2.1 Plant growth in Lake Balaton  

A typical plant from Lake Balaton had 35 cm ± 19 cm long shoots on average (±S.D.), which 

were 9.4 cm ± 4.5 cm apart (mean spacer length, ranging from 0.7 cm to 21 cm) on rhizomes 

branching off every 45.5 cm. Mean DW of one shoot was 480 mg ± 317 mg (ranging from 

110-1479 mg), mean root DW per node was 7.9 mg ± 3.5 mg (1.5-13 mg) while a shoot : root 

ratio of 26 ± 15 was calculated on average. Shoot DW constituted 88% of total plant DW, 

rhizome DW 8.8% and root DW 3.7% altogether. 

The maximum rhizome length that could be retrieved in one from the sediment in mid-July 

was more than 2 m, so a growth rate of 67 cm per month can be assumed for a vegetation 

period starting from mid-April (own observations). The mean rhizome length was 60.5 cm, 

the median 48.4 cm (Fig. 4.2.1). However it should be taken into account that these were not 

complete plants, just the total length of what could be recovered from the sediment in one 

piece. Therefore, it can be assumed that complete clones may reach even larger sizes. 



 55

0

5

10

15

20 40 60 80 10
0

12
0

14
0

16
0

18
0

20
0

22
0

total rhizome length [cm]

fre
qu

en
cy

 

Fig. 4.2.1: Histogram showing frequency distribution of measured total rhizome lengths of P. 

perfoliatus in Lake Balaton.  

4.2.2 Ontogenetic patterns  

Patterns in ontogenetic development were also found: root DW increased as ramets grew 

older, shoot and spacer length often followed a curve, being highest in middle aged ramets 

(Fig. 4.2.2).  
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Fig. 4.2.2: Example of spacer lengths of one P. perfoliatus plant. 
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Often only increasing or decreasing curves were found, which might be due to incomplete 

sampling of the clone. Within one spacer, there was always one node between the two shoots, 

the first internode (in direction of growth) being always longer than the following one. On 

rhizome nodes with shoots there was always more root biomass than on nodes between 

shoots. 

4.2.3 Differences within the lake 

Principal component analysis on the clonal architectural features of P. perfoliatus showed 

some interesting patterns in architectural components. With the first axis, which explained 

45% of the total variance, shoot length and shoot DW (Fig. 4.2.3.1 a) were correlated 

(Pearson’ s correlation r =-0.86 and -0.95). Not so closely, but also along the first axis were 

root DW per node (Fig. 4.2.3.1 b) and rhizome DW, forming together more or less one group. 

Root DW was somewhat less, but also correlated to the second axis, which explained 17% of 

variance in the data. Shoot : root ratio was the only variable highly correlated with the second 

axis (r =0.78). Variance in rhizome internode length is represented by the first and the second 

axis to about the same degree (r =-0.53 and r =-0.44 respectively). Axis 3 represents almost as 

much as axis 2 with 16 % of total variance and is mostly correlated with branching frequency 

(r =0.89). 
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Fig. 4.2.3.1: Standardized PCA of P. perfoliatus clones based on the 7 variables reflecting 

clonal features with shoot DW (a) and root DW (b) overlaid. (Symbol sizes correspond to 

variable values for the given object). 
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An overlay of the second matrix (the environmental variables) shows that with the first axis 

nitrate correlated most (r =0.37, Fig. 4.2.3.2). Nitrate concentration and total organic content 

shows correlation with the second axis. Fetch length and total nitrogen are the only variables 

that correlate with the third axis. 

The distribution of the environmental background variables and the architectural data show 

that the values of the group of shoot length, shoot DW, root DW and rhizome DW, but also of 

rhizome internode length grow in opposite direction to increasing nitrate concentrations in the 

sediment.  

However, all other entered background variables show very low correlations with any of the 

axes, nevertheless it is to be mentioned that organic matter content, CaCO3 and potassium are 

clustered in one direction, parallel to shoot : root ratio. 
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Fig. 4.2.3.2: PCA biplot of P. perfoliatus plants from different sites in Lake Balaton 

according to their clonal architectural features. Background variables nitrate-nitrogen (NO3), 

total organic matter (org), CaCO3, potassium (K), fetch lengths (fetch), phosphorus (P) and 

total nitrogen (Ntot) in the sediment, distance from the westernmost point in Lake Balaton 

(dist W) and northern (N) – southern (S) shore are shown. 
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Multiple linear regression was performed with four selected environmental parameters: fetch 

length, total organic content, nitrate and phosphorus, to which backward selection was 

applied. 

This analysis showed that both fetch and organic matter content had a significant negative 

effect on branching frequency. Rhizome internodes had a positive relationship with fetch and 

organic matter content, however, the (negative) influence of nitrate was much stronger (beta 

=-0.76 compared to 0.32 and 0.31 respectively). Shoot length was positively influenced by 

fetch, while fetch did not have any effect on shoot DW but nitrate and organic matter content 

did (Table 4.2.3). 

 

Table 4.2.3: Overview of the effects of the examined environmental variables on the different 

architectural parameters (beta coefficients of explanatory variables with significance levels of 

multiple regression analyses with backward selection: * p<0.05, ** p<0.01, *** p<0.001. 

bold: strongest effect). 

  fetch nitrate organic matter phosphorus 
branching  -0.32 **    -0.28**   

rhizome internodes 0.32 *  -0.76 *** 0.31 *  
shoot length  0.37 *    

shoot DW   -0.72 ***  0.52 **  
roots/node 0.32 -1.07 1.15 -0.47 

rhizome DW  0.22 *    
shoot : root         

 

For roots per node no well fitting model could be achieved, therefore only the regression 

coefficients and the resulting order of the effects should be considered as relevant, but none of 

their p-values: organic matter content had the strongest influence, followed by nitrate and 

further by phosphorus and finally fetch. Fetch had a slight positive effect on rhizome DW. For 

shoot : root ratio no convincing results could be achieved, no significant correlations were 

identified. Fetch and organic matter content seemed to have a positive but non-significant 

effect. 
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4.3 Germination of seeds 

4.3.1 Germination of Najas marina 

From the 79 seeds altogether, only 1 germinated after 35 days of the 3 months experiment. 

Therefore, based on this experiment, I cannot evaluate the requirements of N. marina in Lake 

Balaton for germinating. 

4.3.2 Germination of Potamogeton perfoliatus 

P. perfoliatus seeds germinated at an average rate of 14.7 %. The warmer treatment with 

diurnal temperature changes yielded somewhat higher percentages of germination in both 

series, but there was no detectable trend for any of the constant temperature treatments (Table 

4.3.2.1, Appendix). Also, germination rate for constant temperature was within the same 

range as for alternating temperature. No significant differences in germination rate between 

the different temperature treatments could be detected, neither for the merged dataset nor 

separately for any of the two series (for merged dataset Х2 =5.54, df =4, p > 0.05, for separate 

results of analyses see Table 4.3.2.3, Appendix).  

The mean germination time was 47 days for the total data set, medians for the total, the first 

and the second series were 40, 41, 32, respectively (omitting the dark treatment, as this made 

the data distribution bimodal) (Fig. 4.3.2.1). 

 

 

Fig. 4.3.2.1: Distribution of germination times for P. perfoliatus in series 1 and series 2. 
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Germination time was significantly shorter in the two warmer treatments compared to their 

parallel colder ones (A1 to A2 and C2 to C3 in series 1, see Fig. 4.3.2.2 and Table 4.3.2.1, 

Appendix) for the merged dataset (Kruskal-Wallis Х2 =19.06, df =4, p<0.001) and for the first 

series (Kruskal-Wallis, Х2 =16.39, df =3, p<0.001 – Mann-Whitney-Wilcoxon: for A1-A2: W 

=260, p<0.01; for C2-C3: W =479.5, p<0.05). 

 

Fig. 4.3.2.2: Germination time of P. perfoliatus in different temperature treatments (locations) 

in series 1. (A: with diurnal alternation, C: constant, from 1-3 increasing mean temperature as 

approximated, see Chapter 3.4.1). 

Previous cold-treatment resulted in significantly higher germination rates (Х2 =15.48, df=2, 

p<0.001), with the highest rate after 2 weeks of cold-treatment (22.7%, see Fig. 4.3.2.3 and 

Table 4.3.2.2, Appendix). 

Light also had a highly significant effect on P. perfoliatus germination rates as significantly 

less seeds germinated in the dark treatment (Х2 =15.59, df =1, p<0.001). 

P. perfoliatus germinated slightly quicker in the treatments which were warmer on average, 

however these differences were only significant for the first series (Kruskal-Wallis Х2=16.39, 

df=3, p<0.001). 
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A trend could also be detected in both series, in germination time shortening with the length 

of previous cold treatment (which was applied for 7 or 17 days), which, however was not 

statistically significant for any of the treatments (ANOVA for series 1, F1=2.20, p=0.14, 

Kruskal-Wallis Χ2=3.80, df=2, p=0.15 for series 2). 
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Fig. 4.3.2.3: Germination rates of P. perfoliatus seeds in the first series after a differing length 

of previous cold-treatment (A: with diurnal alternation, C: constant, from 1-2 increasing mean 

temperature, see Chapter 3.4.1). 

 

4.3.3 Germination of Potamogeton pectinatus 

The seeds of P. pectinatus germinated at an average rate of 7.5%. Only slight differences in 

germination rate between the temperature treatments (“locations”) could be detected (Fisher’s 

exact test, p=0.15). However, only in the constant temperature treatments was the increase in 

germination rate in the expected direction, showing more germination in the warmest (C3) 

treatment (Fig. 4.3.3.1 and Table 4.3.3.1, Appendix). Maximum germination rate was at 

14.7% for treatment A1 (alternating, lowest temperature).  
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Fig. 4.3.3.1: Germination rate of P. pectinatus for different temperature treatments (A: with 

diurnal alternation, C: constant, from 1-3 increasing mean temperature, see Chapter 3.4.1). 

 

The mean germination time was 34.1 days, the median value was at 30.5 days (for series 1: 

33). No congruent pattern could be detected in germination time and temperature treatments, 

nor in the effect of stratification (Tables 4.3.3.2 and 4.3.3.3, Appendix).  

Similarly to results for P. perfoliatus , the previously applied cold-treatment seemed to have a 

positive effect on the germination rate (Fig. 4.3.3.2 and Table 4.3.3.2, Appendix), however 

this could not be proven statistically (Х2 =4.03, df =2, p=0.13).  
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Fig. 4.3.3.2: Germination rates of P. pectinatus seeds after a differing length of previous cold-

treatment. (A: with diurnal alternation, C: constant, from 1-2 increasing mean temperature, 

see Chapter 3.4.1) 

 

4.4 Gap colonisation 

4.4.1 Dynamics 

Between two sampling dates (3-4 weeks) on average 0.9 - 1.8 g dry weight (DW) of plants 

established newly per square meter, corresponding to 7 - 20 g freshweight. Re-colonisation of 

plants was most intense in August (Fig. 4.4.1.1), as the highest DW was obtained for samples 

collected at the beginning of September. Compared to this, in the undisturbed control plots 

plant mass was highest in the samples from August. Species found in the treated plots 

corresponded to those being dominant in Lake Balaton and consisted of M. spicatum, P. 

perfoliatus, P. pectinatus, N. marina, C. demersum and Phragmites australis.  
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Fig. 4.4.1.1: Mean dry weight of plants growing in control plots (a) and regrowing in treated 

plots (b) with standard deviations shown and month of sampling.  

 

It was especially P. perfoliatus, which concentrated most colonisation activity to August (4.4 

g/m2 DW), while M. spicatum colonised most actively in July (1.0 g/m2 DW), when it had its 

peak in undisturbed plots (Fig. 4.4.1.2). 
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Fig. 4.4.1.2: (a) Colonisation of P. perfoliatus (light green) and M. spicatum (dark 

green/dashed) measured in dry weight (g/m2) from July till October and (b) corresponding 

plant biomass in control plots from June till October. 
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Fig. 4.4.1.3: (a) Colonisation of N. marina (orange) and C. demersum (dark green/dashed) 

measured in dry weight (g/m2) from July till October and (b) corresponding plant biomass in 

control plots from June till October. 

For N. marina a pattern similar to P. perfoliatus emerged (Fig. 4.4.1.3): it started to grow and 

to colonize rather late, showed a peak in early September (5.1 g/m2 DW), which meant that 

most colonisation took place in August, while in the undisturbed plots the peak was one 

month earlier with a DW biomass of 297.2 g/m2. 

C. demersum colonisation resembled more that of M. spicatum, as it declined steadily from 

June (3.7 g/m2 DW) to September (0.2 g/m2 DW), but had a huge maximum in October. In 

control plots its biomass grew throughout June (19.2 g/m2 DW ) till October (63.4 g/m2 DW) 

(Fig. 4.4.1.3). 

P. pectinatus showed no coherent pattern, neither for colonisation nor for uninhibited growth. 

Its biomass values varied between 0.2 and 0.9 g/m2 DW for newly established plants and 

between 2.5 and 25 g/m2 DW for undisturbed sites. 

Phragmites australis occurred only sporadically in one plot (one shoot) in three months, 

therefore dynamics are not further examined here. 

An interesting pattern could be observed in the ratio of fresh to dryweight, as it declined 

steadily all along the vegetation period from July to Ocotober, which could be seen as an 

indicator for ongoing senescense. 

4.4.2 Strategies  

We found significantly more plants established in the outer 15 cm of each plot than in the 

inner area of the plot (1.5 vs. 0.3 g g/m2 plant DW; t-test, t=-2.61, df=124, p<0.05). More than 
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half of all noted colonisation events (51 %) could be assigned to rhizomatic growth from 

surrounding plants, while 9 % was by fragments re-rooting. In the remaining 40 % none of the 

previously hypothesized modes of colonisation could be ascertained.  

Colonisation by rhizomatic growth occurred mainly in P. perfoliatus, P. pectinatus (and 

Phragmites), where it formed 41 and 58% (respectively) of all colonisation events (Fig. 

4.4.2). P. perfoliatus and P. pectinatus used this colonisation strategy significantly more often 

than M. spicatum where it was only 3% (Χ2=50.9, df=1, p<0.01 for P. perfoliatus vs. M. 

spicatum and Χ2=81.7, df=1, p<0.01 for P. pectinatus vs. M. spicatum). For M. spicatum the 

major strategy was regrowth from fragments (80%). This strategy seemed to occur also in C. 

demersum and N. marina, however, for difficulties concerning these two species see Chapter 

5.4.3). 
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Fig. 4.4.2: Percentage of colonisation modes by rhizome (coloured), fragment (dashed) or in 

an unknown way (“?”) used by the species newly established in cleared plots. 

4.4.3 Colonisation success 

In terms of biomass, C. demersum and N. marina were most abundantly present in the treated 

plots, however, P. perfoliatus was the most successful among those truly rooting (Fig. 4.4.3).  
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Fig. 4.4.3: Total biomass (dry weight) of newly established species in the cleared 

experimental patches. 

However, if colonisation success is represented as the number of new plants established, P. 

pectinatus stands out (range of other species: 1.3 – 3.9 plants, P. pectinatus: 45.8 plants on 

average /plot). This species mostly colonised by rhizomes as well, but there was also a great 

number of cases, in which the way of establishment could not be clarified. 

4.5 Morphology of P. perfoliatus 

4.5.1 Description of P. perfoliatus morphology 

In general, P. perfoliatus shoots from Lake Balaton were 54.8 cm long with nodes at a 

distance of 2.2 cm apart, and shoots bearing 23 leaves on average (min. 7, max. 52), with a 

mean length of 3.7 cm and mean width of 2.1 cm, corresponding to a leaf length : width ratio 

of 1.8. Mean leaf area was 5.8 cm2. The stem width was 0.3 cm on average and the plant’s 

total dry weight was about 0.6 g,with 0.3 g of total leaf DW (50% of total DW) and 0.2 g of 

stem DW (33% of total DW). Branches constituted the remaining 17%, which were originally 

measured too, but due to their infrequency were not included in the analyses. A survey of the 

resulting mean parameters at the different sites from June till August is given in Tables 

4.5.1.1-4.5.1.3 (Appendix). 
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4.5.2 Ordination results – whole lake overview  

Principal Component Analysis for the three months showed that no distinct groups can be 

defined. Grouping samples by connecting them with convex polygons according to the shores 

shows them overlapping to a great extent, or even include one in another, for all months (for 

example, July is shown in Fig. 4.5.2.1). Plants from the northern shores were distributed over 

a wider area of the plot, indicating more variable features.  

 

Fig. 4.5.2.1: Centered PCA based on morphological traits of P. perfoliatus shoots from July, 

showing northern shore (black squares with black line) and southern shore (grey squares with 

grey line) samples within convex polygons. 

 

Looking at the different examined traits (Fig. 4.5.2.2), we found two groups. The “size”-

group, consisting of mostly size-related traits like leaf dry weight, shoot length, stem dry 

weight and total dry weight, and another group made up of leaf area, stem diameter, stem 

density and internode length. These traits were interconnected at all three sampling times. The 

former (“size”) group ran more or less parallel to the first PCA axis, explaining 47, 53 and 

51% of total variance in the data for June, July and August, respectively, whereas the latter 

could be connected with the second PCA axis and an explained variance of 20 (15 and 16)% 

(Fig. 4.5.2.2). Standard leaf area (SLA), leaf length:width ratio and the number of leaves 

stood separated from these two groups and more or less opposite to them.  
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Fig. 4.5.2.2: PCA biplot of P. perfoliatus shoots according to morphological traits in June. 

Abbreviations clockwise: SLA:standard leaf area, no.leaves: number of leaves, leaf DW: leaf 

dry weight, shoot: shoot length, tot DW: total dry weight, stem DW: stem dry weight, L:W: 

leaf length : width ratio, intern: internode length, stem dens: stem density, stem dia: stem 

diameter, LA: leaf area. Triangles with letters: samples with letters for sampling sites as in 

Fig. 3.6.1.  

 

Including the environmental variables “water depth” and “phosphorus content” as background 

variables in a biplot (Fig. 4.5.2.3), the latter ran parallel to the first axis and the former 

parallel to the second axis at all three examination dates. This implies that the size related 

features were aligned with the phosphorus content gradient, whereas LA and stem parameters 

ran along the water depth. 
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Fig. 4.5.2.3: PCA biplot of P. perfoliatus shoots according to morphological traits from the 

northern (open triangles) and the southern shore (filled triangles) in June showing gradient in 

phosphorus content (P) and water depth (wdepth). 

4.5.3 Trophic gradient 

Evaluating statistically significant differences (see Table 4.5.3) in plant morphology from the 

different sites, a gradient along the sites differing in phosphorus content could be detected 

(mainly in June, much less distinct in July and August), which was best seen in the group of 

traits reflecting the absolute size of the plants (including leaf dry weight, stem dry weight, 

plant length and total dry weight). Values of traits significantly affected by phosphorus 

content always proved to decline towards lower phosphorus values.  

4.5.4 Northern-southern shore 

Significant differences between the northern and the southern shores could be observed in 

several cases (number of leaves, SLA, stem diameter, stem density, leaf DW), especially in 

July (Table 4.5.3). In few traits, plants were non-significantly larger on the northern shore 

(shoot length, leaf area), but were bigger or thicker in most of their features on the southern 

shore (smaller SLA – meaning relatively thicker leaves, stronger stems – greater diameter and 

stem density, greater total dry mass). 
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Table 4.5.3: Significant effects on morphological differences between P. perfoliatus shoots at 

different sites in Lake Balaton in the researched 3 months. SLA: Standard Leaf Area, DW: 

dry weight, S: Southern, N: Northern, P: phosphorus. Significant effects marked with * 

(p<0.05), ** (p<0.01) and *** (p<0.001). 

  S/N-shore   P content   water depth   shore X P 
trait June July Aug   June July Aug   June July Aug   June July Aug

shoot length [cm]     ** **   *** *** **     
internode length 
[cm]     ** *   *** *** ***     

leaf area [cm2]     *** *   *** *** ***     

leaf length:width     ***    **       

SLA [cm2/g] N>S*** N>S**              

number of leaves  S>N***            *** * 
stem diameter 
[cm] S>N** S>N**   **     *** **  ***   
stem density 
[g/cm3] S>N*** S>N*   ***     *** *  **   

stem DW [g]  S>N*   ***  *   *** **     

leaf DW [g]  S>N***   ***    * ***    *  

total DW [g]   S>N**     ***         *** *         
 

4.5.5 Water depth 

According to our GLM analysis, several traits depended on water depth, including leaf area, 

stem density, stem diameter, internode length, leaf dry weight (only in July), stem dry weight, 

shoot length and total dry mass (Table 4.5.3). Traits on which water depth had a significant 

effect were always increasing towards deeper water. 

4.5.6 Seasonality 

A temporal trend could also be observed, comparing data from June till August: in June plants 

were higher and heavier (dry weight) than in August (Tables 4.5.1.1-4.5.1.3). There were 

fewer significant differences in August than in the previous months (Table 4.5.3). In June the 

influence of the trophic gradient was the most obvious, but some effects of the 

northern/southern shores (e.g. stem diameter) and few differences in line with the water depth 

gradient could also be seen. Differences along the two major shores became more evident in 

July, while the number of significant differences based on nutrient conditions became fewer 

and water depth showed the strongest impact on plant traits. In August only few significant 

effects could be observed, which were mainly related to water depth. 
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5 Discussion 

5.1 The importance of fragments for colonisation 

5.1.1 Disruption of the life-cycle 

The main intent of this experimental series was to measure the colonisation potential of 

different species by rooting of fragments, however, some other features were observed too. 

Plants of M. spicatum, P. pectinatus or P. perfoliatus with buds or flowers never succeeded in 

developing the reproductive structures further, they always decayed, new structures were 

rarely developed under experimental conditions. From this point, we can say that 

fragmentation is a major interruption in the life-cycle of these species. On the other hand, it is 

a chance of surviving severe mechanical disturbance, and a possibility to get dispersed and 

colonise new areas.  

One of the two exceptions is C. demersum, where not the production of generative 

reproductive features is relevant, as this species mostly reproduces by shoot fragments (e.g. 

Arber, 1920, see Chapter 1.6.5) but the growth of shoots. In the first 5 weeks after starting the 

experiment with C. demersum, it showed excellent length growth of shoots, which supports 

the notion that C. demersum is used to an unrooted life-style and not hindered by 

fragmentation. However, in the following 5 weeks, the vitality of C. demersum shoots 

deteriorated rapidly in the experiment for unknown reasons. 

Another exception is N. marina, which showed on the one hand much less secondary rooting 

than expected based on its categorisation as “rooting macrophyte”, but was on the other hand 

the only species to produce flowers after having been fragmented. Together, this gives a 

coherent strategy, which allows these annual plants to get distributed with the help of moving 

water but still gives them the chance to reproduce sexually without the need to root. 

5.1.2 Survival rates 

Survival rates show how well shoots of a species can survive if fragmented, and with the 

inclusion of newly produced fragments in calculations, they give information on the total 

potential that is ready to colonise new areas. Among the investigated species, E. densa proved 

to be best in both, it seems to be able to use fragmentation efficiently as means of dispersal.  

The obtained rates are within the range and in the upper half of previously observed survival 

for different species (Barrat-Segretain et al., 1998). None of the examined species showed 

such rapid decline as described by Barrat-Segretain et al. for Potamogeton pusillus for 
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example (0-50% survival after 5 weeks), not even N. marina, which seemed to be the least 

capable of surviving experimentally induced fragmentation. Naturally, N. marina seems to 

produce numerous unrooted fragments, which can contribute to the dispersal of this annual so 

the poor performance under experimental circumstances is unexpected.  

5.1.3 Factors influencing colonisation by rooting 

The observed rates of colonisation by rooting (39-113% for all actually rooting species) were 

– as far as comparable – within the reported range (Barrat-Segretain et al., 1998; 1999; Riis et 

al., 2009). These rather high rates of rooting for most species, but especially for E. densa, P. 

perfoliatus and M. spicatum, show that (re)colonisation by fragment-rooting might be indeed 

a possible strategy applied under favourable natural conditions. However, it is still hard to 

imagine that rooting might be frequent regarding the fact that experimental conditions 

involved a water depth of 7 cm without any severe disturbance (like waves) whereas most 

shallow shores of Lake Balaton start at about 30 cm and are exposed to natural water 

movements. (In order to clarify this question we conducted a field experiment in 0.75-1.5 m 

depth, see Chapters about “Gap colonisation”). Sinking of shoots to the sediment surface, 

which should be essential for fragments rooting under natural conditions, was not observed in 

the experiment, no matter whether decayed parts were cleaned off or remained on the plant. 

This is in contrast to the findings of Barrat-Segretain et al. (1999) who observed fragments of 

M. spicatum sinking rapidly to the sediment surface. 

Observations on E. densa showed that it is not only very quick to root but also highly 

efficient. A feature not included in the evaluation of this experiment has to be mentioned here, 

too. Rooting of E. densa was mostly characterized by a much greater number of roots than 

any other species, digging themselves much more intensely into the sediment. Regarding the 

forthcoming climatic changes and the fact that E. densa is not yet present in Lake Balaton as 

it is thermophilic and thus only present in the inflowing warm Hévíz channel, with only one 

further occurrence (in warm water) known within Hungary (Felföldy, 1990), the exhibited 

colonisation intensity gains an additional dimension of interest. 

Despite the frequently found descriptions of the quick fragmentation and high colonisation 

efficiency of M. spicatum (e.g. Aiken et al., 1979; Borbás, 1900; Nichols & Shaw, 1986), it 

was not outstanding at all among the examined species, ranking third behind E. densa and P. 

perfoliatus. In a similar experiment (Riis et al., 2009), M. spicatum obtained the highest 
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colonisation rates outperforming P. perfoliatus and Elodea canadesis (which is closely related 

to E. densa) (100%, 88-92% and 60-90%, respectively), after only 3-4 weeks.  

The rooting rate of newly produced fragments was similar to that of the original fragments for 

most examined species, however, for M. spicatum it stayed far behind. With a fragmentation 

index of 0.4 – i.e. from 100% shoots at the start 40% new fragments were generated – it 

lagged behind N. marina and C. demersum, and only slightly exceeded E. densa. This might 

be due to the fact that for both N. marina and C. demersum intense fragmentation was 

observed as a major symptom accompanying the decline of their vitality, while for M. 

spicatum this was not necessarily the case. Nevertheless, rooting of M. spicatum fragments 

was by far not as successful as assumed.  

For C. demersum high fragmentation rates are thought to be normal and part of its 

reproduction strategy due to its brittleness (Arber, 1920; Casper & Krausch, 1980). In contrast 

to the present results, Barrat-Segretain et al. (1999) reported on survival rates of about 90% 

for C. demersum after 6-10 weeks. Therefore, it should be assumed that even though 

fragmentation is part of the natural life history of C. demersum, such an intense fragmentation 

as observed connected with shoot vitality loss is most probably due to non-optimal 

experimental conditions.  

5.1.4 Influence of shoot parts on colonisation and shoot growth 

A difference in rooting activity of fragments with shoot tips and other stem parts is probably 

attributable to the presence (or absence) of the apical meristem, which produces auxin that 

enhances root growth (Nultsch, 2001). This could be ascertained in the present experiment by 

logistic regression analysis. In shoot length growth, for all named species a highly significant 

influence of shoot part could be proven. Apical fragments usually exhibited a much higher 

growth than stem parts of the same initial length.  

Riis et al. (2009) also suggested a greater colonisation rate of apical parts compared to mid-

parts and obtained positive results for P. perfoliatus but not for M. spicatum. Regarding 

growth rates (measured as plant dryweight) apical parts did have a positive effect within both 

species. Obviously, the effect of the apical meristem is stronger in P. perfoliatus than in M. 

spicatum, which might also be discovered in the whole plant’s morphology: M. spicatum is 

mostly multiply branched and P. perfoliatus branches less and later in the shoots life. 



 76

5.1.5 Seasonality 

The differences observed between the first series of the fragment rooting experiment and the 

second and third are striking. Based on the regular measurement of background conditions 

(temperature, light, nutrients) a differentiating influence of these factors can be excluded. As 

the separate series coincided with the climatic seasons (from series 1 =spring till series 3 

=autumn), one might assume that there could be an effect on the single species, an influence 

exerted prior to the experiment while growing in the field under natural conditions. Within 

this frame, it would also make sense (and correspond to the observations in “Gap 

colonisation”), that the tendency to spread and to colonise (not only by fragment rooting) is 

weakest at the start of the growth period where resources are needed for quick growth and 

outcompeting others more than for spread. 

P. pectinatus is known to produce new rhizomes and shoots from brush shaped apical shoots 

mainly in autumn if kept under favourable conditions (Van Wijk, 1989). According to Van 

Wijk’s description and depiction, all of the rootings of P. pectinatus observed in the presented 

experiment have shown this same pattern: first a long rhizome-like formation is extended 

from the shoot, which then produces a bud at its apex and roots. As these brush shaped pieces 

have only been observed at the end of the growing season in the field, this might explain an 

enhanced tendency of P. pectinatus to root in autumn.  

Not only P. pectinatus, but also M. spicatum has been described to produce more fragments in 

autumn (Titus & Adams, 1979). Capers (2003) reports on an enhanced colonisation rate for 

submerged macrophytes in general in late summer, followed by a decline in autumn. Several 

other seasonal patterns are described by Barrat-Segretain & Bornette (2000) for different 

species: the colonisation efficiency of some seems to rise in autumn (e.g. Luronium natans, 

Elodea canadensis) while season does not seem to be of any influence to other species (e.g. 

Sparganium emersum). According to the present experiment, M. spicatum, P. perfoliatus, E. 

densa and P. pectinatus might be added to the list of those species influenced by seasonality 

in their activity to colonise by re-rooting fragments.  

In view of the above, one has to think about the interpretation of results of experiments, in 

which species were investigated at different times in the year disregarding possible seasonal 

effects (compare Riis et al., 2009) which might confound the perception of species’ 

colonisation potentials if species are compared with each other.  
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5.1.6 Rooting time 

Rooting time indicates the vigour of colonisation. Again, E. densa was the fastest and 

combined with its high rooting rate overtook all other species. For the closely related Elodea 

canadensis, Riis (2009) also found the shortest colonisation times, while colonisation rates 

were not as high (see section above). Together with E. densa, M. spicatum is among the first 

to colonise. Fast rooting makes the colonisation of close-by areas possible, while the survival 

of some non-rooted fragments and slower rooting enhances the probability of long-distance 

dispersal and colonisation of areas further away. 

5.1.7 Shoot length 

Shoot length can be regarded to a certain extent as an indicator of shoot vitality. Most 

fragments showed growth (differing with species) in shoot length during the observation, 

which was vitally green. A decline in mean shoot length had basically two reasons: one was 

the decaying of shoot parts (tip or base), the other was fragmentation. 

The extreme growth in length of C. demersum seemed mainly to be due to the elongation of 

already existing internodes, which are generally packed rather tight towards the shoot apices. 

The species was expected to be the least affected by the fragmentation treatment, as it hardly 

builds any roots and remains more or less freely floating in the water column (see Chapter 

1.6.5). It needs optimal conditions to start to reproduce generatively (or at least build flowers) 

(Casper & Krausch, 1980), which was only observed once at the very beginning of the 2nd 

experiment. It is not known how frequently plants in Lake Balaton produce flowers and 

succeed in reproducing sexually, only sporadic observations exist (own observations). 

Assumptions on C. demersum not being impeded by artificial fragmentation seemed to have 

proved true by the first part of the experiment. Nevertheless, C. demersum shoots started to 

fragment intensely in the second part of the experiment (see also Table 4.1.3.2) thereby 

getting shorter and shorter, while plant colour became yellowish. The reason for this process 

is not known, however it probably does not display a species-specific natural feature, it rather 

reflects a reaction to culture conditions. 

Apart from the extreme growth in the beginning, a similar pattern was observed for N. 

marina. Here fragmentation and the rapid decline in shoot length came together again. Both 

are thought to be adverse effects of the experimental conditions, but N. marina still managed 

to produce flowers (see Chapter 5.1.1). The decline in shoot length shows that even though 
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fragment numbers increased, feigning a successfully reproducing plant, this was not the case 

as “vitality” (which is hard to measure) and shoot length declined. 

Regarding all components investigated in the present experiment, the development of roots on 

shoot fragments of the major rooting macrophyte species of Lake Balaton is frequent, thus it 

can be assumed that colonisation in the lake might indeed take place by this means under 

favourable conditions. However, in environments in which macrophytic vegetation is more 

abundant than desired, this can also pose a problem, if repressing the vegetation is attempted 

by means of harvesting (Barrat-Segretain, 1996), as this produces numerous fragments with a 

potential to root and regenerate new plants. 

5.2 Clonal growth and architecture of P. perfoliatus in relation to 

environmental conditions 

5.2.1 Ontogenetic pattern and general growth characteristics 

Plants from Lake Balaton were comparable to those described by Wolfer & Straile (2004b) 

who studied P. perfoliatus clones in Lake Constance in the range of their spacer length, but 

exceeded Lake Constance plants in branching frequency by far (Lake Balaton: every 45 cm, 

Lake Constance: about every 170 cm). Biomass allocation was, just as spacer length, between 

the results given for the two sites of Lake Constance plants. Wolfer & Straile (2004b) do not 

give any account of sediment chemistry data, therefore a direct comparison is difficult. Also, 

even though we can only infer from few observations to P. perfoliatus growth rate in Lake 

Balaton, as the plants were not as closely tracked as in the cited work, the observed rhizome 

growth signals much faster extension than in Lake Constance (between 40 and 63 cm per year 

compared to a calculated rate of 67 cm per month in Lake Balaton and average total rhizome 

lengths of 60 cm in the middle of the growing season). Regarding these numbers, it is 

convincing that rhizomatous growth is one of the most effective means of macrophytes to 

conquer extended areas at a rather quick pace (Barrat-Segretain, 1996).  

A certain pattern within the single clones could be observed in the clonal growth architecture 

of P. perfoliatus in Lake Balaton. A pattern resulting from the ontogenetic development of the 

clone has also been observed by Wolfer & Straile (2004b). They describe a similar 

ontogenetic pattern, however with steadily increasing spacer lengths towards the plant tip in 

contrast to our increasing and then declining curves. They explain the observed spacer length 

distribution with the utilisation of more and more resources as the whole, integrated clone 

grows bigger, and therefore has more to resort to for spacer growth. Supporting their 
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explanation is the alternative theory to foraging, the growth hypothesis (de Kroon & 

Hutchings, 1995), which suggests the maximum possible growth at a certain level of available 

resources. Wolfer & Straile (2004b) assume a mixture of the two growth strategies for P. 

perfoliatus, which seems to be partly true for P. perfoliatus in Lake Balaton too, but not 

altogether in compliance with all of the growth patterns observed here. 

Nevertheless, if considering the perennation of P. perfoliatus, which is realized by turions 

built at rhizome apices, we could also presume a seasonally scheduled change in architectural 

construction. After overwintering, plants rebuild photosynthesizing and nutrient assimilating 

structures, gaining thereby consecutively more resources, as described by Wolfer & Straile 

(2004b). However, the increase at a certain point does not enhance fitness any more compared 

to an alternative investment: increasing the number of rhizome branchings and thereby sites 

for building overwintering structures. This suggests a trade-off between spacer length and 

branching intensity, which would result in a shortening of spacers and enhanced ramificiation 

as observed in Lake Balaton. Assuming this behaviour as the basic, it might possibly be 

thwarted by intense herbivory on P. perfoliatus in Lake Constance (Gross et al., 2002) as it 

might induce an escape strategy, similarly to any other adverse conditions acting on clonal 

plants showing foraging behaviour. A decrease in turion numbers was demonstrated for P. 

perfoliatus plants under high herbivore pressure along with a translocation of nutrients from 

shoots to rhizomes (Miler & Straile, 2010), which in itself might result in enhanced spacer 

growth.  

P. perfoliatus can be characterized with the observed growth pattern as following a guerilla-

strategy (compare Lovett Doust, 1981). As this is a strategy by which the environment is 

explored in larger steps, it suits well with P. perfoliatus’s ability of altering its clonal 

architecture in a plastic way. In contrast to this, M. spicatum could hardly be observed to 

spread by rhizomes and its growth form can be described as much more compact than P. 

perfoliatus’s (phalanx strategy). This difference in growing behaviour might possibly 

contribute to the co-existence of these two otherwise ecologically very similar species. 

5.2.2 Differences within the lake  

For all tested hypotheses, I assumed that sites are influencing growth of the different clonal 

parameters positively when sediments are richer in nutrients (nitrate and phosphorus), have 

less organic matter content and are less wave exposed. Negative correlations of sediment 

organic matter content were found for several species (e.g. by Barko, 1982; Barko & Smart, 
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1983; Lehmann et al., 1997) while numerous results reinforce the positive effect of nutrient 

rich sediments (Idestam-Almquist & Kautsky, 1995; Lehmann et al., 1997).  

Generally, the obtained results from Principal Component Analysis confirmed those from 

Multiple Linear Regression. The direction of the effects in the Multiple Linear Regression 

models was always consistent with those detectable with PCA. Nevertheless, the latter 

suggested a greater effect of nitrate on plant growth parameters while regression models 

showed more significant influence of fetch length, but also a more significant influence of 

organic matter content than of nitrate.  

According to foraging hypothesis there should be more rhizome branchings and shorter 

rhizome internodes in better places (see overview in Table 4.2.3) in order to achieve a more 

intense exploitation by placing more shoots in better conditions. Except for the relationship 

between branching frequency and nitrate, these could be confirmed by our analysis and are 

also in line with the results obtained by Wolfer & Straile (2004b) who fertilized nutrient-poor 

sites and thereby stimulated P. perfoliatus to more frequent branching and decreased spacer 

lengths. In the cited study no plasticity in spacer length was detected, but in the present 

investigation a close relationship between spacer (expressed as rhizome internode lengths) 

and sediment nitrate concentration could be shown. This proves the ability of P. perfoliatus to 

react in a plastic way to changed environmental conditions, i.e. to forage for resources.  

Table 5.2.2: Overview of the hypotheses on the effects of environmental variables on clonal 

architectural features of P. perfoliatus ( - : negative,  + : positive effect assumed) and 

agreement with the observed effects (light green: results comply with hypothesis, red: results 

contradict hypothesis, white: no clear results). Branching: rhizome branchings, rhiz: rhizome, 

DW: dry weight, roots/node: root DW per rhizome node. 

  fetch nitrate 
organic 
matter phosphorus

branching  -  +  -  + 
rhiz internodes  +  -  +  - 

shoot length  -  +  -  + 
shoot DW  -  +  -  + 
roots/node  +  -  +  - 

rhiz DW  +    +   
shoot:root  -  +  -  + 
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Shoot length and shoot DW are obviously highly correlated, therefore results for these two 

variables can be interpreted together. Shoot DW, just as shoot length, showed a pattern 

consistently contradicting the hypotheses. While it was assumed that unfavourable conditions, 

such as mechanical stress result in shorter shoots (e.g. as proposed by Kautsky (1988) as a 

general life strategy, adopting a “stunted” growth form in the extreme), the opposite could be 

seen in the growth features of the investigated plants (shoot length increased with bigger fetch 

lengths and shoot DW decreased on sites with higher nitrate concentrations and on sites with 

less organic matter content). For the explanation of shoot length, one might possibly assume a 

shading effect of organic matter content becoming dissolved in the water which plants might 

try to overcome by enhanced shoot elongation. A positive effect of moderate hydraulic stress 

(flow velocity) was shown for the growth (total dry mass) of Berula erecta under high 

nutrient concentrations (Puijalon et al., 2007), which was assumed to be due to the mixing of 

concentration gradients of nutrients and carbon on the leaf surfaces. Similarly, Weisner et al. 

(1997) found a reduced growth of plants (P. pectinatus) at sheltered sites together with a 

highly increased epiphyte cover, which not only reduced free surface for chemical uptake 

consecutively, but also the surface available for photosynthesis. The difficulty in assessing 

whether any of these possibilities might be the case for the investigated plants is in defining 

whether the hydraulic stress exerted by wave action in Lake Balaton at the sampling sites was 

“medium” or “high” (as characterised in the previous works) for the plants. However, as all 

other examined growth features point towards a detrimental effect of waves, it seems hardly 

likely that only this single feature responds in the opposite way. Therefore, other possible 

explanations for reducing shoot growth have to be sought, more probably than assuming a 

certain positive effect of mechanical stress. For example, correlations between wave exposure 

and sediment components or mechanical characteristics not included in this investigation 

should be considered too. Negative effects of too loose sediments (like the detachment of 

plants) have been observed for P. perfoliatus by Kautsky (1991) for example. 

Although only the direction and size of effects can be taken into account (see Results) for the 

variable roots per node, these were also supported by ordination results. Results were thus in 

accordance with root foraging hypothesis, as proposed and experimentally also proven by 

several works for some other macrophyte species (e.g. Barko & Smart, 1981b; Chambers & 

Kalff, 1985; Denny, 1972; Kautsky, 1991): more roots (DW per node) were developed on less 

nutrient rich sites (nitrate and phosphorus) in order to maximize nutrient uptake. Again, 

Wolfer & Straile’s (2004b) results for P. perfoliatus in Lake Constance endorse the present 
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findings for the model species in Lake Balaton. This also complied with the changes assumed 

based on mechanical reasons: more roots for better anchorage on more exposed sites or on 

sediments of less dense texture. The latter was assumed for sites with more organic matter 

content, as this generally implies softer sediments which provide less footing (Barko & Smart, 

1983). 

Assumptions on biomass allocation referring to the development of shoot length, shoot DW 

and roots in relation to the environmental parameters are combined in shoot : root ratio, 

predicting a lower ratio for bigger exposures, more organic matter contentous sites and for 

sediments with less nitrate and phosphorus. Shoot : root ratios are usually preferred over 

simple shoot or root biomass data, as they are independent of plant size. None of the 

hypothesized changes could be clearly seen on the investigated plant data with bivariate 

analysis, nevertheless, a tendency for lining up in the direction of increasing organic matter 

content could be observed on ordination plots. Some overlying or contra-acting forces are 

probably involved, so that the expected effect might be obscured. Mechanical stress 

influences both root biomass (featuring as anchorage) and shoot biomass (being damageable 

or possibly profiting of epiphyte inhibition). As root DW itself did increase according to 

expectations, it can be assumed that in Lake Balaton (like e.g. Weisner et al., 1997) described 

for P. pectinatus in Swedish lakes), the advantage of not being covered by epiphytes in more 

exposed areas is much greater than the disadvantage of occasional damage. Adaptations to 

both sediment fertility and wave exposure through changes in shoot : root ratio were 

described by several authors for different aquatic species (e.g. for sediment composition: 

Chambers & Kalff, 1985, review of Barko et al., 1991; for wave force: Idestam-Almquist & 

Kautsky, 1995).  

As it was hypothesized that rhizomes might add to the overall anchoring capacity, a positive 

relationship between growing wave exposure or increase in organic matter content and 

rhizome DW was assumed. The suggested positive relationships could be proved here 

statistically for wave exposure (fetch), thus we may assume that rhizomes do contribute to 

plant anchorage. Idestam-Almquist & Kautsky (1995) point out that if examining root : shoot 

relationships within plants, of all subterranean parts only the roots, but not the rhizomes 

should be taken into account, as these are the main sites of nutrient absorption, while 

rhizomes are unimportant if not even confounding in these ratios. However, the above results 

show that if such ratios are not only applied for questions of nutrient usage but also for testing 
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mechanical effects for example, it might be also useful to calculate a ratio in which all 

subterranean parts, roots and rhizomes, are included.  

The comparatively strong effect of nitrate on plant architecture is striking, whereas effects of 

phosphorus are rather limited. Even though phosphorus is generally assumed to be the 

limiting factor of growth in most lakes, an influence of total nitrogen at intermediate to high 

total phosphorus levels has also been described by numerous authors (Jeppesen et al., 2007; 

Sondergaard et al., 2010; Tátrai et al., 2009), among which some (Lauridsen et al., 1993) also 

elaborate on finding tissue nutrient values to be above the critical limit (Gerloff & 

Krombholz, 1966) in nutrient rich sediments and at the same time a significant influence of 

more nutrient rich sediments on plant growth. Fertilization experiments with phosphorus did 

not result in enhanced growth of Hydrilla verticillata and M. spicatum, whereas fertilization 

with nitrate did (Barko et al., 1991). In a similarly eutrophic lake as Lake Balaton, the 

Estonian Lake Peipsi, both total nitrogen and total phosphorus were found to have a 

significant effect on P. perfoliatus growth in terms of total biomass and tissue nutrient content 

(Mäemets et al., 2006).  

Altogether, we have found P. perfoliatus to be a good model plant for investigating changes 

in clonal architectural features as a response to different environmental effects. It shows a 

number of interesting plastic growth traits which can be well related to the various habitat 

conditions in Lake Balaton and comply with foraging theory. The present study proved a 

great degree of plasticity in clonal growth of P. perfoliatus and raised some further leading 

questions regarding wave and nutrient effects. 

5.3 The potential of generative propagation 

5.3.1 Najas marina  

There was no evaluable germination of N. marina seeds in the experiment, however, N. 

marina obviously does germinate in Lake Balaton, as it is an annual overwintering solely by 

seeds. Therefore, possible errors in the experiment are sought. 

Even though seeds were left in aquaria attached to plant fragments in order to complete the 

ripening process, they still might not have been fully ripened or embryos might not have been 

properly developed, a possiblity Muenscher (1936a) does not rule out in his seed germination 

experiments either.  
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Cold storage would have enhanced germinability of seeds, without which they might have 

been dormant (Handley & Davy 2005, ). However, this does not seem to be absolutely 

necessary for germination, as Handley & Davy (2005) describe a small proportion of seeds 

being ready to germinate immediately, at about 25°C ideally (Van Viersen, 1982b). The 

highest temperature treatment used in the present experiment averaged at about 24°C, so this 

should have been sufficiently warm for spontaneous seed germination to occur. 

Van Viersen (1982b) demonstrated fast germination of N. marina seeds under anaerobic 

conditions with relatively high temperatures. He explains that the preference of anaerobic 

conditions is coherent with N. marina’s growth in sheltered habitats, as here sedimentation of 

detritus often causes low redox potentials.  

Results about the need for light or darkness are inconclusive, as Hutchinson (1975, and 

literature cited therein) and Handley & Davy (2005) summarize.  

In more successful experiments germination rates of 40-50% (Handley & Davy, 2005), less 

than 15% (Muenscher, 1936a) or even 80% (Van Viersen, 1982b), were found for N. marina. 

The latter is a high rate compared to other species, especially if we take into account that N. 

marina seedlings might have a better survival rate, as their tougher appearance also suggests 

(see Fig. 1.6.4) than those of many other (perennial) species which are not reliant on the 

success of germination and seedling recruitment. During other investigations in Lake Balaton 

as well as in Lake Major at the nearby Kis-Balaton Water Protective Area, N. marina 

seedlings as well as small plantlets were found under natural conditions in spring and early 

summer, while seedlings of other species were hardly observed at all. 

5.3.2 Potamogeton perfoliatus 

Germination of P. perfoliatus seeds was successful under the experimental conditions used. 

Unluckily, temperature treatments can only be evaluated roughly as the used equipment could 

not provide the desired temperatures with the required constancy. 

Even though temperature treatments cannot be evaluated in detail, several of the results 

pointed towards increased (of greater percentage and faster) germination under warmer 

conditions. 

Mean germination time was 47 days, while medians were at about 40 days, which means that 

once conditions suitable for germination have been reached, it takes somewhat less than 1.5 

months until any seedlings emerge from seeds. In case temperature requirements for 

germination do not require much less than simple vegetative growth does, this means that 
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both processes will start at about the same time. However, as germination time gets shorter 

with increasing temperature, this might result in seeds catching up with earlier starting seeds 

and possibly even forming one wave of germination. Handley & Davy (2005) suggest 

dormancy to be one means for synchronizing germination of seeds with the start of the 

following growing season. 

Anyway, seedlings will inevitably have to compete with already established plants of stronger 

growth. Seedlings emerging in autumn might have an advantage there. They can get 

established while adult plants go through the autumn process of senescence. Examples for 

other Potamogeton species germinating at extremely low temperatures (in his experiments 1-

3°C) and observations of seedlings under ice cover are reported by Muenscher (1936a), 

concluding that some species might germinate either in late autumn or in very early spring. 

Differences between constant and diurnally changing temperatures could not be tested due to 

the technical difficulties mentioned above. Alternating temperatures should favourably 

influence the germination of species which tend to occur in shallower water (Hay et al., 

2008).  

The re-occurring significance of cold stratifications in enhancing germination as well as in the 

time of seed germination points towards a more probable germination of seeds in spring, after 

they have experienced the cold of winter-time. The stratification periods used in this 

experiment are rather short (1-2 weeks) – compared to what seeds experience in nature – it is 

all the more remarkable that seeds already reacted to it. A further aspect is that the time spent 

in the cold was strongly related to germination time – with increasing length of the cold 

period germination time decreased – which might indicate that germination takes place much 

faster under natural conditions, after a long winter, than calculated above. The results of Hay 

et al. (2008) underline the importance of a period of cold prior to germination for P. 

perfoliatus seeds.  

Light treatment also influenced both germination time and rates positively. This implies that 

P. perfoliatus seeds probably germinate in shallower water with sufficient light supply and 

not buried in sediment. Along the lines of Van Viersen’s (1982) explanations on the 

connection between redox-requirements and sedimentation rate (of detritus, mainly) it could 

be assumed that if P. perfoliatus seeds germinate so much better in light, a condition only 

given if sedimentation is not too high, it should also prefer aerobic conditions. The results of 

Hay et al. (2008) however contradict this idea, as they found that most Potamogeton species 
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preferred light and anaerobic conditions at the same time. They explain that as it is not 

characteristic for Potamogeton species to grow in fast flowing, well-oxygenated water, this 

might be a reason for not requiring conditions to be aerobic. 

Germination percentages differed according to treatments, but the maximum experienced in 

the germination of P. perfoliatus was 23%. This number corresponds to the results of 

Muenscher (1936b) of about 12-38% of germination after 6 months storage and Boedeltje et 

al. (2002) who report of germination percentages of 15-23% for P. perfoliatus. However, 

these were obtained after about 8 months of storage in cold water and a germination time of 

21 days. Comparing their results with those presented here, support for the suggested 

acceleration of seedling emergence after a longer period of stratification can be seen. Hay et 

al. (2008) even obtained after a period of drying (for 3-6 months at a relative organic matter 

contentidity of 15%), which is often thought to be detrimental to seed survival of most aquatic 

plants (e.g. Baskin & Baskin, 1998; Muenscher, 1936a; Van Wijk, 1989) a maximum 

germination of 65% for P. perfoliatus after about a comparable length of experimental time 

(3-4 months).  

It is not possible to determine the extent of the effect of differing experimental conditions and 

how much of the observed differences is actually present and due to differences between 

populations. This might be related to numerous sources, like the percentage of selfing and 

thereby seed viability and the prevailance of asexual propagation compared to the recruitment 

based on sexual reproduction, which in turn might depend on habitat predictability (see 

Introduction, Chapter 1.2.3). A population in a Scottish lake (of which seeds for Hay et al.’s 

experiment were collected) could be exposed to less stable conditions and therefore more 

reliant on sexual propagation than the population in Lake Balaton, with its water level 

regulated for more than a hundred years.  

The whole experiment was repeated one year later with new seeds of P. perfoliatus and very 

similar conditions, but better equipment. However, hardly any germination occurred here, by 

all means not enough to be able to extract any information on preferences of germination 

conditions. P. pectinatus did not set seeds in the following year, therefore tests could not be 

repeated. The only conclusion we can draw from this is that there seem to be huge differences 

among years regarding seed germinability.  
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5.3.3 Potamogeton pectinatus 

The germination percentages of P. pectinatus were consistently lower than those of P. 

perfoliatus (8% vs. 15%), but germination occurred within a shorter time (35 vs. 40 days). P. 

pectinatus seems generally to germinate less successfully than P. perfoliatus, which 

corresponds to results published in other studies (Boedeltje et al., 2002).  

No differences were found between the temperature treatments, which is mainly attributed to 

the technical problems experienced. Based on work on other populations of P. pectinatus, and 

similarly to P. perfoliatus it was expected to germinate preferably at higher temperatures (Van 

Wijk, 1989) of about 20-25°C.  

Cold stratification seemed to have a positive effect on germination percentage, similarly to P. 

perfoliatus, however effects were weaker. It is assumed that results would be more consistent 

if higher total seed numbers had been available. The influence of stratification is mentioned as 

one of the main factors influencing germination, generally (Baskin & Baskin, 1998) as well as 

in works on P. pectinatus (Teltscherová & Hejný, 1973; Van Wijk, 1989). In some 

populations a cold treatment of 4 weeks resulted in germination of 30% after a shorter time 

(30 days) (Teltscherová & Hejný, 1973) in others about 17-38% of germination was achieved 

in 2-3 months after 5-6 months cold storage (Muenscher, 1936a). 

Also Van Wijk (1989) stated a low germination percentage for P. pectinatus seeds from 

several populations in France and the Netherlands, however, he achieved a maximum of 44% 

with combining desiccation of the seeds embedded in sediment and cold-stratification. 

Despite the generally acknowledged detrimental effect of desiccation on macrophyte seed 

germination, the treatment in sediment was successful, which was probably due to extensive 

bacterial activity while not being quite dry yet. A similar process, based on cellulolytic 

microorganisms, was presumed by Teltscherova & Hejny (1973) when successfully testing 

the enhancement of seed germinability in a treatment with decomposing detritus. The seeds in 

the present experiment also received an inoculation with bacteria in order to stay closer to 

natural conditions during ripening in aquaria in natural lake-water together with plant debris 

and by deliberately not sterilizing them. 

5.3.4 Myriophyllum spicatum 

Although experiments were planned and seeds collected, M. spicatum could not be included 

in the experiment as seeds started to germinate before the start of the experiment while they 

were assumed to finish ripening in aquaria. This is in contrast to some literature, which claims 
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that seeds have to be treated first, they cannot germinate immediately (Patten, 1955) or that 

they show prolonged dormancy (Aiken et al., 1979). Nevertheless, other works testify rather 

high germination rates (see Chapter 1.6.1), which would be in line with the intensive 

germination activity experienced here. 

5.3.5 Evaluating the experiment and actual potential of germination 

One possible reason for not obtaining sufficient seedlings might be in constraining 

experimental time to a too short period. Differences in the pace at which germination takes 

place for the single species might be mistaken for differences in total germination percentage 

(Santamaria et al., 2002) if the experiment is too short. However, as optimal length for a 

germination experiment Baskin & Baskin (1998) advise no longer than 2-3 weeks, after which 

time the first germinating seeds only started to appear in this experiment. Also, Madsen & 

Boylen (1989) already found differences between populations of M. spicatum after 1 month, 

while other authors germinated seeds for more than 1 year (Muenscher, 1936a). Santamaria et 

al. (2002) regard experiments of less than 4 weeks as short. As a measure for determining the 

appropriate length, cumulative germination curves can be used, as in Fig. 5.3.5. Saturation, 

i.e. less increase per time in the number of germinated seeds, towards the end of the 

experimental period shows that we can regard these experiments of 3 months as of 

appropriate length.  
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Fig. 5.3.5: Cumulative germination of P. perfoliatus seeds of series 1 and of P. pectinatus 

seeds. 100: the maximum observed germination for each species.  

 

The use of germination time as measure of germination success was also applied by Jarvis & 

Moore (2008), who found that both success and time expressed the germination requirements 

of Vallisneria americana. Santamaria et al. (2002) use the expression “germination rate”, 

which (in contrast to my usage of “rate” as “percentage”) they define as the pace at which 

germination takes place and expresses the steepness of the cumulative germination curves. 

Van Viersen applies the Harmonic Mean Day Germination method (1982a), which is the most 

complex evaluation method among these. A further possibility, which could not explored with 

the present data due to the difficulties listed further above would be to fit a logistic or other 

similar functions to cumulative curves (Brown & Mayer, 1987; Torres & Frutos, 1990). 

In order to evaluate the importance of sexual reproduction under natural conditions (for 

macrophyte populations in Lake Balaton) it should be kept in mind that germination is only 

one part of the whole process, preceded by seed production. This is, for some species at least, 

extremely abundant (see Yeo, 1966). Germinated seeds then have to get established, so 

seedling recruitment should be considered as well for obtaining the complete picture. This, 

however, needs further research, as none of these factors are known for any Lake Balaton 

macrophytes. Another point is that the best conditions for germination are not always optimal 

for the further development of seedlings, therefore it must be assumed that the ecological 

range under which germination and seedling establishment might occur in nature is much 

narrower than the range obtained in laboratory experiments (Van Wijk, 1989). Furthermore, it 

might be of importance that the conditions determined as optimal in the laboratory might not 

coincide with optimal field conditions for germination and seedling establishment if all 

possible competitors (for example also plantlets germinating from bigger turions and tubers 

(Hartleb et al., 1993)) are taken into account – similarly to the concept of autecological and 

synecological optima. 

5.4 Gap colonisation strategies of different macrophyte species 

5.4.1 Natural (undisturbed) dynamics and life history  

Macrophyte research is not focused only on dominant species, but even more so on species 

whith large body size, which are easily detected and once present, often occupy most of the 

watercolumn, like P. perfoliatus and M. spicatum in case of Lake Balaton, which even have 
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very similar environmental requirements. Therefore, the relationship of these two major 

macrophytes in Lake Balaton is of special interest. 

In accordance with the pattern observed in this experiment, G.-Tóth (2001) describes first a 

M. spicatum-peak in spring in Lake Balaton while P. perfoliatus takes over during the 

summer. His study describes it to be replaced in autumn (October) by M. spicatum again, but 

my field observations do not support this. These temporal patterns seem to be variable to a 

certain extent, as annual differences were observed for the 3 years of their investigation, too, 

once with P. perfoliatus starting in spring and M. spicatum dominance later in summer (G.-

Tóth, 2000), and once with an overall dominance of M. spicatum, and P. perfoliatus recorded 

only later and on fewer sites (G.-Tóth, 2002). Also, Tóth & Heródek (2011) depict P. 

perfoliatus as having an earlier peak than M. spicatum, which again speaks for the variability 

of this pattern. However, the general features of these two species, (M. spicatum 

overwintering with some shoots staying above the sediment and green while P. perfoliatus 

withdrawing completely to turions) would imply that M. spicatum starts in spring with a great 

advantage (Nichols & Shaw, 1986), therefore a spring-early summer peak would be 

expectable. P. perfoliatus grows vigourously later on, mainly by rhizomatic growth as was 

also demonstrated in this experiment, and gains space faster than M. spicatum, explaining the 

summer peak. But as P. perfoliatus shoots die away in late-autumn in Lake Balaton, from the 

two large macrophytes of Lake Balaton only M. spicatum remains to form another stage of 

dominance. The term “temporal niche segregation” probably applies to these two similar 

species, which means the non-synchronisation of life-cycles, a feature which allows two 

species with very similar ecological requirements to grow nonetheless in the same areas 

(Schloesser et al. 1985 cited by Barrat-Segretain, 1996). 

N. marina and C. demersum are similarly slightly problematic from the colonisation point of 

view. C. demersum is only known to root lightly and mainly during the first stage of its life 

history, and later on it looses its rhizoids and lies on the sediment surface or piles up into the 

water column, absorbing nutrients through the leaves (Arber, 1920). With these constraints, it 

is difficult to define what to consider as “colonisation”. It was decided to regard the mere 

occurrence on the plot surfaces as colonisation events, as the existence without being rooted 

on the sediment surface is the most natural to C. demersum.  

In contrast to C. demersum, the annual N. marina is traditionally regarded as a rooting 

macrophyte (Handley & Davy, 2002, see Chapter 1.6.4), as it could also be often observed in 

Lake Balaton. Nevertheless, towards the end of the summer, it is also present in unrooted 
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masses inhabiting the watercolumn similarly to C. demersum. Its fragility might even increase 

the amount of plants or shoots living on without roots and staying vital. Fragile shoots 

possibly enhance seed distribution similarly to the observations made on Zostera marina, 

where seed bearing shoots become more fragile as seeds ripen (Källström et al., 2008).  

The similarity of the growth and colonisation pattern of C. demersum to M. spicatum is 

insofar comprehensible that C. demersum also stays green during winter (with slightly 

thickened shoots buried halfway into sediment) and is therefore present earlier in spring and 

also later in autumn. 

P. pectinatus was the most difficult species to collect due to its minor size, which might 

explain some of the inconsistencies in the growth curves. This pondweed species retains some 

of its shoots through winter. As it too grows with a headstart in springtime, basically the same 

applies as for M. spicatum and C. demersum while it generally does not grow in masses as big 

as the former two do, partly due to its more delicate habit.  

5.4.2 Colonisation dynamics 

The pattern of highest undisturbed plant biomass preceding the highest colonisation rate 

might indicate a density dependent enhancement of colonisation as observed for P. perfoliatus 

and N. marina. 

The contrasting observations of different authors of C. demersum for colonising (decreasing 

towards end of season (Arber, 1920; Barrat-Segretain et al., 1999) and growing naturally 

(increasing till October) are incoherent and require further examination. However, as 

mentioned in the previous paragraph, “colonisation” is a somewhat loose term for C. 

demersum, being not rooted in most cases anyway, therefore local changes in distribution due 

to displacement by waves might cause this pattern.  

The extraordinary high biomass peaks of N. marina might be due to similar reasons as 

assumed for C. demersum, as at this time (August) it was already often observed unrooted. 

Highest undisturbed biomass and highest colonisation rate coincided in July for M. spicatum. 

Most authors describe the late summer, towards the end of the growing season (Aiken et al., 

1979; Kimbel, 1982) or after flowering (Nichols & Shaw, 1986) as a period in which 

colonisation activity of M. spicatum is enhanced.  

Several authors (Capers, 2003; Churchill, 1983; Wiegleb & Brux, 1991; Yeo, 1966) state an 

enhanced colonisation rate for submerged macrophytes in general at the end of the vegetative 
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period in late summer or autumn, followed by a decline. This is mostly in connection with the 

seasonal production of certain propagules, as has been described extensively in Chapter 5.1.5. 

5.4.3 Colonisation strategies 

From the 4 hypothesized possible colonisation strategies 2 were observed along with some 

undefinite cases, which give rise to new hypotheses of possible colonisation mechanisms. 

Fragment re-rooting was frequently observed during this field experiment. Even though 

results of the previous fragment-rooting experiment pointed towards the importance of this 

way of colonisation, it seemed less probable under natural conditions, in water depths of up to 

1.5 m, as more adverse influences were suspected than in the quiet water pans in the 

laboratory. Fragment rooting was especially favoured by M. spicatum, which relied on it in 

about 80% of the observed cases, whereas P. perfoliatus seemed to conduct a more mixed 

strategy, with a greater part of rhizomatic colonisation. It would be interesting to know how 

much the observed high rates of fragment rooting persist in an even more disturbed, more 

wave-exposed environment.  

The importance of border-effects, which are mainly based on rhizome growth was also 

demonstrated by the observed 5-fold growth of biomass in the boundary stripe compared to 

the middle part of the plots and is also emphasized by Capers (2003) along with the 

importance of vegetative propagules (in which he includes unspecialized fragments as well as 

specialized structures). Rhizomatic growth was the only way of colonisation observed for P. 

pectinatus, even though its potential to root from fragments had been proved in the previous 

fragment rooting experiment.  

N. marina was found rooted up to September, while only unrooted plants could be collected 

in October. As plants are highly fragile, it was not always sure, whether fragments had been 

generated possibly during transport and not collected as fragments, increasing the ratio of 

colonisation events classified as “unknown”. Similar applies to C. demersum: most fragments 

were counted as indicating colonisation of unknown origin as it was not sure whether 

fragmentation has taken place in the lake.  

The complete lack of germination of seeds or turions was most probably due to seasonal 

effects. Both turions and seeds are mostly mentioned as germinating either in late autumn or 

in spring-early summer (Sastroutomo, 1981; Van Wijk, 1989). The study (conducted from 

June-October) started too late to observe spring-time development but did not last long 

enough to have possible autumn germination included. However, a confounding effect of 
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seasonality should also be taken into account in the interpretation of other published studies, 

as these seldom extend to the seasons in which most germination takes place (e.g. Capers, 

2003). Care must be taken not to conclude too easily that establishment from seeds (or 

specialized vegetative propagules built seasonally) does not occur at the investigated sites, as 

this might be only true for the observed period of time. 

Alternative strategies have been prompted by observations of P. perfoliatus and M. spicatum 

shoots which were still partly rooted, but intensively decomposing due to senescence and 

thereby weighed down by decaying leaves and lying on the sediment surface. Formation of 

new healthy shoots was observed from these decaying shoots, often with fresh roots (Fig. 

5.4.3). Similar phenomena have been observed by Van Wijk (1989) for P. pectinatus and by 

Yeo (1966) for Potemogeton foliosus. 

 

 

Fig. 5.4.3: Decaying shoot of P. perfoliatus with new shoots branching off. 

 

For P. pectinatus, the regeneration from minute rhizome pieces has to be assumed, as despite 

very thorough screening of the sediment each time vegetation was removed, numerous re-

established plants were found in the following survey with no obvious mode of colonisation. 

Similar to tests with differing lengths of shoot fragments offered for colonisation (Barrat-
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Segretain et al., 1998; Riis et al., 2009), experiments could be carried out with differing 

lengths or differing numbers of nodes on rhizomes in order to verify the means for 

recolonisation hypothesized above. The outstandingly high numbers of colonisation events for 

P. pectinatus, its capability of producing 3 further kinds of propagules (tubers, fragments and 

seeds) together with its wide ecological tolerance are possible reasons why it is often 

observed as one of the first species to recolonize after erradication from a locality (Scheffer, 

1998). 

5.4.4 Colonisation success 

All observed species proved to be highly successful in colonising newly created gaps in the 

vegetation. This is also in agreement with the species’ wide geographical and ecological 

distribution (see Chapter 3.1). However, the probability of observing the colonisation of any 

less efficient species in a single season experiment on a limited number of plots is low. 

Characteristic strategies of the main species in Lake Balaton could be established in the 

presented field experiment, consisting of a species- and environmental-specific mixture of 

several means of reproduction and establishment. Colonisation strategies vary with 

environmental conditions, and knowledge of the locally prevailing mechanisms is essential 

for understanding local population changes. However, to complete the picture, seasonal 

coverage should be expanded with work continued from early spring till late autumn, even if 

this is technically more difficult to achieve. 

5.5 The morphology of P. perfoliatus along environmental gradients 

In Lake Balaton, different environmental forces act on P. perfoliatus morphology of which 

several traits were shown to vary along these gradients. Differences were demonstrated along 

a trophic gradient (which corresponds to the longitudinal axis of the lake), along a water depth 

gradient and between the two main shores.  

Principal Component Analysis showed no distinct separation of any groups, but it did order 

plants from different sampling sites along the above mentioned gradients of trophic condition 

and water depth. Plants from the more sheltered (northern) shore appeared to be more 

variable, which is in line with the findings of Idestam-Almquist & Kautsky (1995), who 

proved experimentally that P. pectinatus plants originating from a sheltered site exhibit more 

variable features than specimens from an exposed site of the same area. They found that this 

pattern is genetically fixed at the population level. Translocation experiments would be one 

way to establish whether this is the case for P. perfoliatus in Lake Balaton. 
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Our results on the changes of some morphological traits of P. perfoliatus were mainly 

significant in June and July, which can probably be attributed to a general declining tendency 

towards the end of the season in August with the onset of senescence. This is supported by the 

fact that absolute plant sizes were also decreasing. Seasonality might also have some 

confounding effect on plant size data, as the age of the harvested shoots is not known. 

The inflowing Zala River provides the major nutrient charge in the westernmost end of Lake 

Balaton, sustaining an east-west gradient of nutrient supply, being high in the west and 

gradually decreasing to the east. Several morphological traits reflecting the absolute size of 

the plants (total dry weight, shoot length, leaf and stem dry weight) were found to grow with 

increasing phosphorus values, as outlined in our hypotheses. This is remarkable, since 

phosphorus levels were in all sites above the limiting level, but see Chapter 5.2.2 for a more 

extensive discussion of above-limiting effects of nutrients. 

Changes in the depth of water in the ranges studied might mainly have two, rather contra-

acting effects. One is the better light availability in shallower water, which is a general and 

significant process in the highly turbid waters of Lake Balaton (as described in Chapter 3.6) 

and is therefore regarded here as possible explanatory factor without knowing any exact 

values, only the direction of the underlying mechanism. The other effect of low water depth is 

increased wave action, which occurs as waves break on the shallow lake bottom and cause 

bed disturbance (Spence, 1982), possibly breaking plant shoots and damaging plant tissue 

(Idestam-Almquist & Kautsky, 1995; Puijalon et al., 2005; Schutten et al., 2005). Observed 

morphological changes along the water depth gradient were probably mainly due to 

decreasing light intensity in deeper water and can be interpreted as attempts to compensate the 

disadvantages of shading (Maberly, 1993). Most of our results are in line with the proposed 

hypotheses (e. g. the increase in leaf area, in internode length or total dry weight), whereas 

some of the observed changes seem to contradict the notion of relatively less exposed deeper 

sites (higher stem mass density, stem diameter). Measurements by Pearsall and Pearsall 

(1923), Spence and Chrystall (1970a; 1970b) and Maberly (1993) support most of our results 

(internodes shorter and thicker leaves in shallower water; SLA and leaf dry weight greater in 

deeper water).  

Differences between the two main shores result mainly from the prevailing northwestern wind 

direction.The southern shore is more wave exposed, accumulating larger particles in the 

sediment and thus holding less nutrients than the wind and wave protected northern shore, 

which has fine-grained and more nutrient rich sediments (Entz & Sebestyén, 1942; 
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Istvánovics et al., 2008; Somlyódy & Koncsos, 1991). As expected, plants on the southern, 

exposed shore were tougher, with smaller but relatively thicker (SLA) and slightly more 

elongate leaves (not significant), thicker, heavier and denser stems. These modifications 

might be regarded as adaptive, as they are probably beneficial for the plant, offering on the 

one hand less surface for wave force to act upon and on the other hand building structures 

more resistant to mechanical stress, altogether making plants more durable to heavier wave 

exposure. Our findings are endorsed by the results of several authors who found adaptations 

in morphological features to mechanical stress, like Puijalon et al. (2005) on Berula recta, or 

Boeger & Poulson (2003) on submerged Veronica anagallis-aquatica plants, whereas others 

stated differences in morphology with a possibly adaptive value (Idestam-Almquist & 

Kautsky, 1995) on P. pectinatus. Effects of reduced nutrient supply are overlying on the 

sandy southern sediments, which have been also described for other species (Aiken, 1981; 

Barko & Smart, 1986; Entz & Sebestyén, 1942; Hangelbroek et al., 2003), and strengthening 

the effects of mechanical stress, so it remains the task of future experimental research to 

unravel these two effects. 

The results show that morphological features of the submerged macrophyte P. perfoliatus can 

be linked rather well to certain environmental gradients existing in Lake Balaton, such as 

trophic state, wave exposure and water depth. Some of the observed responses in morphology 

can certainly be interpreted as actually induced by environmental forces and furthermore also 

as being adaptive, whereas for the interpretation of some other traits data need to be tested 

experimentally. 
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6 Conclusions 

My results obtained in the experiments and investigations and the overviewed literature 

regarding fragment rooting, seed germination, gap colonisation and clonal growth of the 

investigated species, offer several assumptions on the functioning and dynamics of 

macrophyte populations in Lake Balaton.  

Due to the observed features, P. perfoliatus is more successful in sustaining and expanding 

already existing patches (mostly by rhizomatic growth) than newly establishing by any 

means. This is also true for P. pectinatus, but here tuber production probably plays a greater 

role. Tubers of P. pectinatus were rather frequently observed on patches inhabited by this 

species. Taking the results of all research into account, M. spicatum is probably best capable 

of establishing on new sites further away from already existing patches.  

Laboratory seed germination of the two Potamogeton species of Lake Balaton was less 

intense than expected based on literature, however some seedling establishment of P. 

perfoliatus should be possible at shallow, protected sites, where light conditions are 

favourable. Establishment by seed germination seems more probable for M. spicatum. 

Nevertheless, this has not yet been observed for any of the three species (P. pectinatus, P. 

perfoliatus, M. spicatum) in the field. Trials with seed bank analysis (not presented here) 

revealed a very high heterogeneity of seed distribution in Lake Balaton sediments, therefore it 

might be conceivable, that there is indeed seed germination and also seedling establishment in 

Lake Balaton, but that these occur only at special localities, to which seeds have been 

transported in large amounts. The annual N. marina was the only species that was once 

observed actually germinating in the field (in autumn), while in the spring, plantlets were 

more often found.  

The examinations on morphology and clonal architecture of P. perfoliatus emphasized the 

negative effects of light deficiency and the positive influence of sediment nutrient 

concentration in eutrophic Lake Balaton. Results on the effects of wave exposure were not 

conclusive. 

Summarizing own results and field observations, a picture emerges, which shows the 

investigated species with a set of strategies that makes them effective colonizers, apart from 

being good competitors (Kautsky, 1988). The question arises why these species often occur 

constantly in great abundances in some places, colonising all available habitats in a certain 

region (Barrat-Segretain, 1996), while in others their populations fluctuate and are not 
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predictable (Scheffer et al., 1992; Tóth, 1972) even though habitat features seem to be 

favourable. This applies also to the aquatic plants in Lake Balaton, where periodically dense 

macrophyte stands appeared and receded (see Chapter 1.5). The last decline in macrophyte 

vegetation was attributed to eutrophication of Lake Balaton, nevertheless, no spread has been 

encountered since re-oligotrophication.  

It is possible, that some features of the environment do not comply with the species’ 

requirements and only overlap to a certain extent, so that even though the species are basically 

highly efficient in colonising, they have to do this at the edge of their ecological range. Most 

probably, this is the case regarding light conditions (turbidity). In Lake Balaton turbidity is 

high, even though phytoplankton is not dominant any more, which is due to constantly 

resuspended inorganic particles. In many other cases where macrophyte populations did not 

succeed in (re-)establishing also high (inorganic) turbidity was described (Dokulil & Teubner, 

2003; Scheffer, 1998). Macrophytes in Lake Balaton might well be at the edge of their 

ecological range, and therefore simply a clear water state (no phytoplankton dominance) is 

not enough for newly establishing after a period of more adverse conditions. More 

circumstances favouring macrophyte spread have to coincide to make re-establishment 

possible.  

This might possibly happen if the water is less turbid during crucial times of population 

establishment. Spring for example is important for regrowth from vegetative propagules and 

probably also for seed germination of most species. There is a local notion of fishermen that 

after a calm spring a macrophyte-rich summer is to be expected, whereas after a windy, 

stormy spring, macrophytes are not anticipated to be very abundant (Herodek, personal 

communication). 

High turbidity affects most probably establishment of seedlings as well as of vegetative 

fragments, whereas population expansion by vegetative (rhizomatic) growth should be hardly 

restrained, especially as here clonal integration can help from depths otherwise unsuitable for 

plantlets. Growth from specialized vegetative propagules (both turions of P. perfoliatus and 

tubers of P. pectinatus) should be somewhat less impaired, as in both cases plantlets are 

supplied with more resources than seeds are. 

With respect to climate warming and resulting sinking of the water level in Lake Balaton, 

turbidity is probably going to increase in future.  
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Nevertheless, as population development is influenced by a complex set of environmental and 

biotic factors (Lehmann et al., 1997; Léonard et al., 2008), research has to be continued in 

both directions in order to be prepared for any future changes. Advancing to investigations of 

environmental factors on whole macrophyte populations, including the effects of other biota 

is an important step for further research. The study of smaller, model systems (like Lake 

Major in the Kis-Balaton Water Protection Area) might help hereby.  
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7 Summary 

Mechanisms of spatial spread (propagation and growth) of the dominant submerged 

macrophyte species of Lake Balaton were investigated, their potential for colonisation under 

field conditions as well as the modifying effects of different habitats on growth features. 

The possible re-rooting (colonisation) of shoot fragments of 6 species (Potamogeton 

perfoliatus, Potamogeton pectinatus, Myriophyllum spicatum, Najas marina, Ceratophyllum 

demersum, Egeria densa) was studied in an experimental series under semi-controlled 

conditions. All species but N. marina and C. demersum rooted in the experiment, generally 

after 2-3 weeks. E. densa colonised best (93% rooted), followed by P. perfoliatus and M. 

spicatum (90% and 83%). For M. spicatum this corresponds to its behaviour as observed in 

the field, but for P. perfoliatus and P. pectinatus colonisation in the field was less intense.  

Clonal growth, another possible way of spatial spread, was investigated on P. perfoliatus, one 

of the main macrophytes of Lake Balaton. The rhizomes of this macrophyte extended to more 

than 2 m, showing a considerable spreading potential from already established plants or from 

winter-buds. Clonal architecture (spacer length, rhizome ramification, ramet placement) 

corresponded in most features to the hypothesized effects of environmental forces and proved 

thereby a certain foraging potential of P. perfoliatus.  

Modifications reflecting different habitat conditions were also found in shoot morphology of 

P. perfoliatus. Light deficiency generally had a negative effect which had to be compensated 

by shoot elongation, while a surplus in nutrients increased the size of several other 

morphological features.  

Sexual propagation is under certain circumstances a very important feature for most clonal 

plant populations. A series of germination experiments were conducted in order to examine 

the germination requirements of Lake Balaton macrophytes. Consistent results were mainly 

achieved for P. perfoliatus which proved the importance of cold temperatures prior to 

germination (stratification), light and the preference of warmer temperatures. For P. 

pectinatus only the significance of stratification could be shown.  

The combination and application of a set of possible means of spreading under field 

conditions were examined in a field experiment. The colonisation of cleared patches within 

vegetated areas was observed and species-specific strategies identified and quantified. M. 

spicatum colonised to 80% by re-rooting of shoot fragments, while P. pectinatus and P. 

perfoliatus colonised predominantly by rhizomatic growth (58% and 40%, respectively).  
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8 Összefoglalás 

Munkám során a Balaton domináns hínárfajainak térbeli terjedését (szaporodását és 

növekedését) vizsgáltam, úgymint terepi körülmények között mutatott kolonizációs 

képességüket, valamint az eltérő környezeti feltételek hatását különböző növekedési 

jellemzőikre. 

Egy kísérletsorozatban félig kontrollált körülmények között 6 hínárfaj (Potamogeton 

perfoliatus, Potamogeton pectinatus, Myriophyllum spicatum, Najas marina, Ceratophyllum 

demersum, Egeria densa) hajtásdarabok újragyökerezése által történő kolonizációját 

vizsgáltam. A N. marina és a C. demersum kivételével mindegyik faj sikeresen gyökerezett a 

kísérletben. Az E. densa kolonizált legintenzívebben (93% gyökerezett), míg a P. perfoliatus 

és a M. spicatum kissé kevésbé bizonyultak sikeresnek (90% ill. 83%). A süllőhínárnál (M. 

spicatum) ez a Balatonban természetes körülmények között megfigyelteknek felel meg. Ezzel 

szemben a hináros (P. perfoliatus) és a fésűs békaszőlő (P. pectinatus) által mutatott 

kolonizáció a szabadban sokkal mérsékeltebb. 

A térbeli terjedés egyik válfajaként, a klonális növekedést is vizsgáltam, a Balaton egyik 

legfőbb makrofitonja, a hinaras békaszőlő esetében. E faj rizómái egy-egy már letelepedett 

növényből vagy téli rügyből kiindulva egy szezonban több mint 2 m-t növekedtek, ezáltal 

jelentős terjedési potenciálról tanúskodtak. A növények klonális felépítése (hajtásközök, 

rizóma elágazások, hajtások elhelyezkedése) a legtöbb vizsgált jellemzőben megfelelt 

bizonyos feltételezett környezeti hatásoknak, ezáltal bebizonyosodott, hogy egyfajta 

forráskeresési stratégiát mutatnak.  

A hinaras békaszőlő hajtásmorfológiájában is felfedezhető volt az eltérő környezeti hatások 

befolyása. A megfelelő mennyiségű fény hiánya általában negatív hatással volt a növényekre, 

a hajtások ennek kompenzálására hosszabbra nyúltak, míg a tápanyagtöbblet számos más 

morfológia változó méretét növelte. 

A generatív szaporodás bizonyos körülmények között nagyon fontos az egyébként klonális 

növények számára is. Ennek megfelelően egy, a balatoni hínárfajok csírázási igényeinek 

feltárását célzó kísérletsorozatot is végeztem. A P. perfoliatus esetében eredményeim 

igazolták a hideg (teleltetésnek megfelelő) fázis szerepét a csírázás előtti időszakban, 

valamint a fény és a melegebb víz kedvező hatását a magok csírázására. A P. pectinatus fajnál 

szintén kimutattam a teleltetés jelentőségét. 
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A lehetséges szaporodási és terjedési módokat és azok kombinációit terepi körülmények 

között is vizsgáltam egy szabadtéri kísérletben. Üres, a hínárnövényzettől megtisztított 

foltokon követtem a hínárfajok betelepedését, ahol a különféle kolonizációs stratégiákat és 

ezek jelentőségét is elemeztem az egyes fajoknál. Eredményeim szerint a M. spicatum faj 

80%-ban hajtásdarabok újragyökerezése által telepedett meg, míg a P. pectinatus és a P. 

perfoliatus elsősorban rizómán keresztül (58% ill. 40%-ban) kolonizálták az üres helyeket. 
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10 Appendix 

Table 3.2: Number of fragments used per species in the three repetitions of the fragment 

rooting experiment. 

species series 1 series 2 series 3 
M. spicatum 29 20 20 
P. perfoliatus 31 30 20 
P. pectinatus 41 20 20 
C. demersum  -  20 10 
E. densa  -  20 20 
N. marina  -   -  20 

 

Table 3.4.1.2: Seed numbers of N. marina for the different treatments. 

A1 16 
A2 18 
C1 11 
C2 16 
C3 18 
sum 79 

 

Table 3.4.1.3: Seed numbers of P. perfoliatus for the different treatments in the 1st series. 

  no cold 1 week 
cold sum 

A1 75 75 150 
A2 90 90 180 
C2 90 90 180 
C3 90 90 180 
sum 345 345 690 

 

Table 3.4.1.4: Seed numbers of P. perfoliatus for the different treatments in the 2nd series. 

  light dark  
 no cold 2 weeks cold no cold 1 week cold sum 

A1 90 30 30 30 180 
A2 90 30 30 30 180 
C1 90 30 30 30 180 
C2 90 30 30 30 180 
sum 360 120 120 120 720 
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Table 3.4.1.5: Seed numbers of P. pectinatus for the different treatments. 

  no cold 1 week 
cold 2 weeks cold sum 

A1 45 20 10 75 
A2 45 20 10 75 
C1 45 20 10 75 
C2 45 20 10 75 
C3 45 20 10 75 

sum 225 100 50 375 
 

Table 4.3.2.1: Germination rates (in %) and mean germination time (in days) for P. 

perfoliatus in the two series (n=180 for each group) in the different temperature treatments 

(locations). 

P. perfoliatus germ.rate [%] germ.time [days] 
treatment 
(location) series 1 series 2 series 1 series 2 

A1 15.0 9.4 64 41 
A2 20.0 11.7 40 39 
C1  - 11.1 - 58 
C2 20.6 12.8 48 43 
C3 18.9 13.9 40 39 

 

Table 4.3.2.2: Germination rates (in %) for P. perfoliatus in the two series (series 1: n=360 

for each group, series 2: n=499, 300, 150 for groups with no cold, 1 week cold or 2 weeks 

cold treatment, respectively) in the different stratification treatments. 

P. perfoliatus germ.rate [%] germ.time [days] 
stratification series 1 series 2 series 1 series 2
no cold 17% 6% 50.4 47.7 
1 week cold 21% 14% 43.8 46.0 
2 weeks cold  - 23%  -  37.6 
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Table 4.3.2.3: Results of statistical analyses of the two seed germinating experimental series 

and influencing factors for P. perfoliatus. Test statistics only given if results significant or 

near-significant, in brackets the direction of effect, n.s.=non significant, - =not tested. 

temperature (location) previous cold
location X 

cold light
series 1 n.s. n.s. -  - 

series 2 n.s.
X2=31.8, df=2, p<0.001 

(+)
-

X2=15.6, df=1, 
p<0.001 (+)

series 1
Kruskal-Wallis X2=16.4, 

df=3, p<0.001 (-)
t-test t=-1.48,      p=0.14 

(-)
n.s. -

series 2
Kruskal-Wallis X2=9.3, 

df=4, p=0.05 (-)
Kruskal-Wallis X2=3.8, 

df=2, p=0.15 (-)
n.s. -

germ. 
rate

germ. 
time

 
 

Table 4.3.3.1: Germination rates (in %) and mean germination time (in days) for P. 

pectinatus (n=75 for each group) in the different temperature treatments (A1-C3, see 

explanation in Fig. 4.3.3.1). 

P. pectinatus germ.rate [%] germ.time [days]
A1 14.7 34 
A2 6.7 40 
C1 5.3 28 
C2 4.0 36 
C3 6.7 30 

 

Table 4.3.3.2: Germination rates (in %) for P. pectinatus (n=225, 100, 50 for groups with no 

cold, 1 week cold or 2 weeks cold treatment, respectively) in the different stratification 

treatments. 

P. pectinatus germ.rate [%] germ. time [days] 
no cold 5% 34.5 

1 week cold 6% 47.3 
2 weeks cold 20% 26.6 
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Table 4.3.3.3: Results of statistical analyses of the seed germinating experiment and 

influencing factors for P. pectinatus. Test statistics only given if results significant or near-

significant, in brackets the direction of effect if consistent, n.s.=non significant, - =not tested. 

P. pectinatus      

  
temperature 
(location)   previous cold   location X cold 

germination 
rate 

Fischer's exact 
p=0.15   X2=4.03, df=2, 

p=0.13 (+)    -  

germination 
time n.s.   ANOVA 

F2=3.24, p=0.06   n.s. 
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Table 4.5.1.1: Means of morphological features measured on P. perfoliatus at sampling sites 

along the shores of Lake Balaton in June. Water depths 1-3 as given in Table 3.6.  

June South     
 West      East   
  A B C D E G H   

n (depth 1) 4 5 5 4 4 5 5   
n (depth 2)  4 4 4   6   
n (depth 3)   4 5       6   

shoot length [cm] 79.6 96.8 62.2 83.8 58.6 32.0 27.5   
internode length [cm] 2.3 2.3 2.0 3.2 2.1 1.4 1.3   
leaf area [cm2] 5.4 7.4 4.8 9.8 5.1 4.2 4.6   
leaf length:width 2.2 1.8 1.8 1.6 2.0 1.4 1.5   
SLA [cm2/g] 368 399 423 408 397 410 409   
number of leaves 33.8 34.7 27.6 25.5 28.0 25.2 21.8   
stem diameter [cm] 0.31 0.30 0.30 0.36 0.30 0.33 0.30   
stem density [g/cm3] 0.07 0.07 0.09 0.15 0.07 0.08 0.06   
stem DW [g] 0.26 0.39 0.22 0.41 0.22 0.11 0.12   
leaf DW [g] 0.51 0.58 0.31 0.58 0.36 0.26 0.24   
total DW [g] 0.78 1.26 0.68 1.41 0.59 0.37 0.37   
 North 
 West  East 
  I J K L M N O P Q 

n (depth 1) 4 3 4 4 4 5 5 4 4 
n (depth 2)      4 5 3 4 
n (depth 3)                 4 

shoot length [cm] 31.4 134.7 74.6 78.3 112.9 51.1 76.2 83.9 57.2 
internode length [cm] 3.5 9.0 3.2 4.3 3.4 2.4 3.4 4.0 2.3 

leaf area [cm2] 10.3 13.5 9.6 9.6 9.6 3.9 7.4 5.0 5.1 
leaf length:width 2.1 2.5 2.0 2.3 2.0 1.8 1.5 2.0 1.6 

SLA [cm2/g] 497 325 486 552 469 564 477 471 457 
number of leaves 8.5 13.7 25.0 14.8 31.0 21.8 20.4 21.4 23.9 
stem diameter [cm] 0.37 0.35 0.38 0.38 0.33 0.22 0.33 0.25 0.32 
stem density [g/cm3] 0.13 0.11 0.12 0.14 0.08 0.03 0.08 0.03 0.08 
stem DW [g] 0.12 0.42 0.27 0.32 0.39 0.14 0.24 0.19 0.23 
leaf DW [g] 0.15 0.52 0.45 0.28 0.60 0.15 0.31 0.22 0.27 
total DW [g] 0.28 0.94 0.73 0.61 0.99 0.29 0.54 0.41 0.52 
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Table 4.5.1.2: Means of morphological features measured on P. perfoliatus at sampling sites 

along the shores of Lake Balaton in July. Water depths 1-3 as given in Table 3.6.  

July South   

 West 
 
      East  

  A B C D E F G H  
n (depth 1) 4 4 4 4 4 5 4 3  
n (depth 2)  4 4 4 4   8  
n (depth 3)   4 4            

shoot length [cm] 43.0 38.9 39.3 55.2 44.2 38.0 59.1 29.2  
internode length [cm] 1.5 2.0 1.7 2.1 1.6 1.7 2.0 1.1  

leaf area [cm2] 6.2 6.3 4.9 7.6 4.1 4.1 4.6 3.8  
leaf length:width 2.0 1.7 1.8 1.7 1.7 1.6 1.3 1.6  

SLA [cm2/g] 428 443 329 439 306 324 317 375  
number of leaves 20.8 18.8 18.8 26.5 22.9 21.0 28.5 25.5  
stem diameter [cm] 0.32 0.32 0.30 0.34 0.29 0.31 0.39 0.30  
stem density [g/cm3] 0.08 0.12 0.11 0.14 0.09 0.09 0.16 0.06  
stem DW [g] 0.19 0.18 0.16 0.34 0.16 0.18 0.32 0.12  
leaf DW [g] 0.28 0.23 0.28 0.48 0.32 0.26 0.42 0.31  
total DW [g] 0.54 0.47 0.87 0.93 0.76 0.44 1.08 0.43  
 North 
 West  East 
  I J K L M N O P Q 

n (depth 1) 4 4 5 4 4 4 4 4 4 
n (depth 2)      4 4  5 
n (depth 3)           4     4 

shoot length [cm] 23.7 176.8 15.5 108.8 71.5 38.8 87.9 68.2 68.8 
internode length [cm] 1.1 5.3 1.0 4.0 2.9 1.8 3.4 2.7 2.5 

leaf area [cm2] 5.6 13.5 5.2 8.7 11.0 4.3 7.5 5.7 4.5 
leaf length:width 1.9 1.8 2.1 2.3 2.0 1.8 1.5 1.8 1.6 

SLA [cm2/g] 539 283 643 538 530 502 419 524 444 
number of leaves 19.8 35.0 13.0 26.8 26.3 18.5 23.4 25.8 31.2 
stem diameter [cm] 0.29 0.44 0.23 0.34 0.36 0.24 0.33 0.34 0.29 
stem density [g/cm3] 0.05 0.39 0.02 0.08 0.09 0.04 0.10 0.06 0.05 
stem DW [g] 0.06 1.56 0.03 0.39 0.25 0.13 0.47 0.25 0.22 
leaf DW [g] 0.20 1.40 0.09 0.44 0.50 0.16 0.42 0.25 0.30 
total DW [g] 0.28 4.21 0.13 0.91 0.78 0.31 1.00 0.51 0.53 
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Table 4.5.1.3: Means of morphological features measured on P. perfoliatus at sampling sites 

along the shores of Lake Balaton in August. Water depths 1-3 as given in Table 3.6. 

August South   

 West 
 
           East  

  A B C D E F G H  
n (depth 1) 4 5 4 4 4 4 5 5  
n (depth 2)  4 5  5  5 5  
n (depth 3)                  

shoot length [cm] 22.6 26.1 47.0 24.5 36.2 23.2 17.0 30.4  
internode length [cm] 1.0 1.5 1.8 1.2 1.1 1.2 0.8 1.2  

leaf area [cm2] 3.6 4.8 5.0 5.5 3.5 3.3 2.7 3.0  
leaf length:width 2.2 2.0 1.8 1.7 1.3 1.6 1.9 2.0  

SLA [cm2/g] 269 356 321 412 348 433 365 364  
number of leaves 20.3 14.4 19.1 10.8 30.6 17.4 18.5 25.4  
stem diameter [cm] 0.33 0.31 0.36 0.37 0.33 0.28 0.24 0.28  
stem density [g/cm3] 0.10 0.09 0.12 0.19 0.08 0.06 0.04 0.05  
stem DW [g] 0.13 0.12 0.25 0.15 0.17 0.10 0.06 0.12  
leaf DW [g] 0.26 0.22 0.40 0.19 0.36 0.16 0.15 0.21  
total DW [g] 0.39 0.34 0.72 0.35 0.54 0.26 0.22 0.34   
 North 
 West  East 
 I J K L M N O P Q 

n (depth 1) 5 6 5 5 5 5 4 5 5 
n (depth 2)       5  5 
n (depth 3)                 5 

shoot length [cm] 56.2 100.8 19.7 77.3 46.8 35.1 71.0 72.3 52.0 
internode length [cm] 1.7 3.5 0.9 3.3 4.4 1.8 3.2 3.3 1.8 

leaf area [cm2] 7.2 6.9 2.2 8.6 12.3 3.7 8.0 6.1 4.2 
leaf length:width 2.0 1.9 2.2 2.3 2.0 1.7 1.5 2.1 1.7 

SLA [cm2/g] 462 545 634 552 417 432 373 512 425 
number of leaves 29.0 28.3 19.8 20.4 12.2 15.8 20.0 21.4 26.1 
stem diameter [cm] 0.32 0.37 0.18 0.37 0.40 0.25 0.35 0.32 0.28 
stem density [g/cm3] 0.08 0.11 0.01 0.10 0.18 0.04 0.13 0.07 0.06 
stem DW [g] 0.26 0.55 0.02 0.30 0.19 0.14 0.34 0.27 0.24 
leaf DW [g] 0.44 0.41 0.07 0.36 0.31 0.15 0.39 0.26 0.29 
total DW [g] 0.71 0.99 0.09 0.69 0.51 0.29 0.83 0.65 0.54 
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