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General introduction 
 

 
The notion of complexity is indivisible with the definition of natural systems. This 

complexity of living and ecological and biological systems is directly related to the 

complexity of mechanisms, to the number of involved factors and their interactions at 

different scales (from individual to landscape scales) (Fig 1).  Moreover, complexities within 

scales depend also on the complexity of existing links among scales (Allen and Starr 1982, 

Wu 1999).  

 

 

 

 

 

 

 

 

 

 

Figure 1 From biological to ecological scales – an increased complexity (biological scales: yellow; ecological 

scales: blue; transitive scale between biological and ecological scale: green) (from Liancourt 2005). Red arrows 

represent processes within scales and black arrows represent links among scales. 

 

Plant communities can be defined as a group of species or populations occurring on a 

given surface at a given time (Crawley 1997). However, plant communities were prone to 

controversy. Such a community has been first proposed to behave as a super-organism able to 

be born, to grow up, to reproduce and finally to die leading to its predictable evolution 
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(Clements 1916). Latter, it was defined as a group of interacting individuals occurring in a 

given place due to their environmental demands (Gleason 1926).   

Species or populations forming plant communities are subject to environmental factors 

such as stress (e.g. nutrient, water or temperature), physical disturbance (e.g. flooding, fire or 

waves), biotic disturbance (e.g. grazing or mowing) and to interactions with neighbouring 

individuals. Consequently, plant communities are complex systems which are controlled by 

many factors. One of the most important issues in ecology is to understand and to organize 

these mechanisms into a hierarchy responsible for the observed communities occurring in 

nature. In order to clarify these points, Gleason’s (1926) reductionist and mechanistic 

approach received much more attention than Clement’s (1916, 1928) holistic approach. Thus, 

ecologists consider that a system can be separated in simple elements and the functioning of 

this system may be directly predicted from the studied constituents.  

Plant communities are generally dominated by a low number of dominant species 

(Whittaker 1965) playing a major role for community functioning (Wardle 1997, Chapin et al. 

1997, 2000). In such a way, I chose to give priority to this plant community level in my PhD 

and to study their functioning through the study of dominant species.  

 

Plant interactions: definitions and role for the maintenance of diversity and 

ecosystem functioning. 

The study of biotic interactions (competition vs. facilitation) has been early considered 

as fundamental for understanding the processes involved in driving the structure and 

functioning of plant communities and ecosystems (Darwin 1859, Clements 1916, 1936, Elton 

1927). Biotic interactions are often thought to be key-processes in ecology and evolution such 

as speciation (Day 2000, 2001, Doebeli and Dieckmann 2003), diversity and community 

stability (Tilman 1994, Hacker and Gaines 1997, Callaway et al. 2000, Bruno et al. 2003, 
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Michalet et al 2006), species co-occurrence (Gause 1934, Tilman 1982, 1990) or succession 

in vegetation (Odum 1953, Grime 1979, Tilman 1990).   

The term “competition” contains all the processes corresponding to negative effects of 

plant presence or plant populations on neighbouring plants. These negative effects can 

influence germination, reproduction, growth or survival. We distinguish intra-specific 

competition operating among individuals within a species and inter-specific competition 

among species. The relationship between inter- and intra-specific competitions has often been 

mentioned as an explanatory mechanism for species co-existence (MacArthur and Levins 

1967, Goldberg and Barton 1992). The importance of competition among plants has been 

reported to mostly operate in productive environments and leading to a decline in species 

richness due to strong competitive exclusion exhibited by dominant species in both terrestrial 

(Grime 1974, 1979, Suding et al. 2005) and aquatic ecosystems (Barrat-Segretain and Elger 

2004, Crawley 2005, Sand Jensen et al. 2008, Angelstein 2009). 

Facilitation among plants (also called positive interactions) was very early considered 

as a key-factor for the structure and dynamics of plant communities (Clements 1916, 1936). 

However, the renewal of interest for this mechanism is quite recent (Bertness and Callaway 

1994, Callaway 1995, Callaway and Walker 1997, Brooker and Callaghan 1998, Bruno et al. 

2003, Michalet et al. 2006, Callaway 2007, Brooker et al. 2008, Maestre and Callaway 2009) 

bringing up to the notion of inter-dependency of individuals within a community (Callaway 

1997, Lortie et al. 2004). We should distinguish direct and indirect facilitation within positive 

interactions. Direct facilitation corresponds to positive effects of plants (benefactor species) 

on others (beneficiary species) due to modifications of resources (Callaway 1995) such as 

decreased photoinhibition in xeric systems (Holmgren et al. 1997, Holmgren 2000), soil water 

amelioration (Goldberg et al. 2001), and nutrient enrichment (Pugnaire et al. 1996) or due to 

physical modifications of habitats such as wind protection (Gerdol et al. 2000). Indirect 

facilitation requires intermediate species such as herbivores, pollinators, mycorrhizal fungi, 
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soil microbes or other competing plants species in order to occur (Strauss 1991, Wooton 

1994, Miller 1994). As an example, unpalatable plants can provide refuges for other plants by 

acting as physical barrier against herbivores (Rousset and Lepart 2000, Callaway et al. 2005, 

Levine 2000, Smit et al. 2007, 2009, Levenback 2009). Because both direct and indirect 

positive interactions alleviate stress or disturbance, a number of authors argued that the 

realized niche of a species (sensu Elton, 1958) can be expanded by facilitation (Choler et al., 

2001; Bruno et al., 2003) which, in turn, might increase species richness under abiotic 

(Hacker and Gaines 1997, Michalet et al. 2006) and biotic constraints (Olff et al. 1999, 

Rousset and Lepart 2000, Callaway et al. 2000, 2005, Milchunas and Noy-Meir 2002, Bakker 

et al. 2004) (Fig. 2). 

 

 

 

 

 

 

Figure 2 Graphical model in which species diversity is expected to reach its maximum at intermediate levels of 

disturbance or stress. (A) The traditional model where maximum diversity is the result of differential mortality of 

the competitive dominant. Diversity falls on the left-hand side of the curve because the competitive dominant 

outcompetes most species, and on the right-hand side of the curve because only a few species can resist very 

high disturbance or stress. (B) A conceptual model showing how benefactor species can broaden or extend the 

species diversity curve by preventing or ameliorating harsh conditions (from Hacker and Gaines 1997). 

 

Plant interactions and environmental gradients. 

Gradient analysis corresponds to the representation and to the interpretation of species 

abundances along environmental gradients (Whittaker 1956). In this context, plant 
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interactions have been discussed controversially as an explanatory mechanism for the 

structure of plant communities and changes in species abundance or dominance. 

Productivity or fertility gradients have been mainly studied along natural or 

experimental gradients. These gradients are usually opposed to gradients of environmental 

constraints (Grime 1973, Bertness and Callaway 1994). Direct facilitation is suggested to 

increase in importance (a shift from competition to direct facilitation) with increased 

environmental constraints (the so called “Stress Gradient Hypothesis”) (Bertness and 

Callaway 1994, Brooker and Callaghan 1998). Such a shift from competition to facilitation 

has been widely illustrated in both terrestrial (Choler et al. 2001, Callaway et al. 2002, 

Maestre et al. 2003) and aquatic ecosystems (Bertness et al. 1999, Bertness and Evanchuck 

2002, Kawai and Tokeshi 2007). Conversely, indirect facilitation may also increase in 

importance with increased productivity because grazing pressure is likely correlated to 

productivity (Grime 1973) (Fig. 3).  

 

 

 

 

 

 

 

 

Figure 3 Conceptual model of the occurrence of competition, direct and indirect facilitation along gradients of 

environmental constraints (from Bertness and Callaway 1994). 

 

Recent studies did not support these hypothesis for shifts in plant interactions and 

showed that both direct and indirect facilitation among plants may break down in harsh 
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abiotic and biotic conditions respectively, in terrestrial (Kitzberger et al. 2000, Maestre and 

Cortina 2004, Maestre et al. 2005, Brooker et al. 2006, Anthelme et al. 2007, Graff et al. 

2007, Smit et al. 2007, Vandenberghe et al. 2008) and aquatic systems (Kawai and Tokeshi 

2007, Levenbach 2009). This recent evidence against the “Stress Gradient Hypothesis” 

opened debates concerning the variation in the role of positive interactions along gradients 

(Maestre et al. 2005, 2009; Lortie and Callaway 2006). Several arguments were proposed to 

explain these inconsistencies such as the nature of variable used to assess plant performance 

(e.g. reproduction traits, survival or growth), the identity of both, benefactor and beneficiary 

species, and the length of the gradient under study (Lortie and Callaway 2006, Brooker et al. 

2008, Maestre et al. 2009). Michalet et al. (2006) stressed the importance of the latter point 

and proposed that plant interactions may shift from competition in productive environments to 

facilitation in intermediately stressed/disturbed environments and then, positive interactions 

should collapse in harshest conditions due to decreased protecting effects of benefactor 

species. This theoretical model has also been successfully tested using a spatially explicit 

modelling approach (Xiao et al. 2009). However, both, theoretical and modelling approaches 

focussed only on direct facilitation and did not address variations in indirect facilitation under 

grazing pressure.  

 
Macrophyte communities: a structuring role for freshwater ecosystems and 

importance for lake littoral zones. 

 Macrophyte communities have an important structuring role for freshwater ecosystems 

since they influence nutrient dynamics, sedimentation and resuspension (Barko and James 

1990), microbial communities (Söndergaard et al. 1998, Wetzel and Söndergaard 1998), 

carbon dynamics (Wetzel and Söndergaard 1998, Wetzel 2001) and water turbidity (Jeppesen 

et al. 1997, Scheffer et al. 1993, 1997, 2001, 2003). 
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Submersed aquatic plants are key-regulators for alternative states in freshwater 

ecosystems under increased nutrient loading and can promote clear water conditions in 

temperate lakes (Scheffer et al. 1993, 1997, Jeppesen et al., 1997). In a clear water state, there 

is strong competition for nutrient in the water column between macrophyte plants and 

suspended phytoplankton (Meijer et al. 1994). Competition among macrophyte species is also 

usually strong, particularly for nutrients, resulting in local dominance of one or a few species 

(McCreary 1991, Gopal and Goel 1993). With increasing eutrophication, negative interactions 

among macrophytes are likely to increase in intensity (Barrat-Segretain and Elger 2004, 

Angelstein et al. 2009) leading to a decreased species richness (Sand-Jensen et al. 2001, 

2008). Such declined species richness under nutrient loading is considered as one of the most 

important threats to biodiversity for both terrestrial and aquatic ecosystems (Thomas et al., 

2004, Suding et al. 2005). 

 Submersed macrophyte communities also strongly interact with higher trophic levels. 

Particularly, patches of macrophyte plants are inhabited by adult fishes and especially by 

young-of-the-year (Y-O-Y) fishes seeking refuge from predation (Dionne and Folt 1991, 

Diehl and Kornijow 1998). Moreover, submersed plants indirectly or directly provide 

macroinvertebrates with food. Indirectly because macrophytes are a substrate for periphytic 

phytoplankton which can be used by many macroinvertebrates (Brönmark and Vermaat 

1998); directly because macrophyte leaves and stems are consumed by macroinvertebrates 

(Lodge 1991, Newman 1991, Lodge et al. 1998).   

The role of macrophyte communities as refuge or food for higher trophic levels 

suggests the potential occurrence for cascading trophic interactions in littoral zone of lakes, in 

particular with invertebrates and their predators. Such trophic cascades between predators, 

herbivores and primary producers are well described in terrestrial ecosystems (Strong 1992, 

Preisser 2003) whereas tri-trophic interactions in freshwater systems were mainly studied in 

pelagic zones (Carpenter et al. 1985, Carpenter and Kitchell 1993, Bertolo et al. 1999) or lotic 
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food webs (Power 1992). Conversely, such a tri-trophic top-down control on submersed 

plants received little attention (but see Ward and Newman 2006) despite the structuring role 

of macrophyte patches for ecosystem functioning.  

 

Herbivory on submersed macrophyte plants. 

Disturbance factors such as herbivory can be major drivers of vegetation dynamics and 

critical components of land use impacts over vast areas of the globe (Asner et al. 2004). 

Aquatic ecosystems are well-known to be more strongly affected by biotic disturbance (i.e. 

grazing) than terrestrial ecosystems (Cyr and Pace 1993). The geographical distribution and 

relative abundance of submersed aquatic plants in freshwater ecosystems are also strongly 

dependent on grazing pressure (Lodge and Lorman 1987, Sheldon 1987). 

Although literature on plant interactions increased during the last decades, the effects 

of grazing disturbances on plant interactions remain poorly studied compared to the effects of 

abiotic factors in terrestrial ecosystems (Baraza et al. 2006, Smit et al. 2007, 2009) and are 

nearly nonexistent in freshwater systems or mainly concern changes in plant competition 

(Rees & Brown 1992; Rant 2003; Center et al. 2005). Freshwater ecosystems, and in 

particular macrophyte communities provide a suitable study system in order to improve our 

knowledge on community ecology. 

Former studies have shown that crayfish, fish or water birds cause strong feeding 

damages on macrophytes. However, insect herbivores have been previously suggested to exert 

the smallest grazing influence on macrophytes (Lodge et al. 1998), and thus herbivory by 

invertebrates has been previously considered unimportant. Recent studies however provided 

evidence of a major grazing pressure of insects on aquatic plants (Newman 1991, 2004, Gross 

et al. 2001, Miler and Straile 2010). Newman (1991, 2004) for example showed that 

herbivorous insects are often effective herbivores and can consume large amounts of 

freshwater macrophyte biomass. As an example, larvae of the moth Acentria ephemerella 
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have been reported to be an agent for the biocontrol of the invasive species Myriophylum 

spicatum (Eurasian watermilfoil) (Newman 2004, Gross et al. 2001, 2002). Thus, as 

invertebrates can strongly affect on freshwater plants, it is important to know if they can exert 

similar effects on plant community structure and composition as observed in terrestrial 

systems (Green et al. 1997, Hanley 1998, Howe et al. 2002).  

Plants have developed defence strategies against herbivory in both terrestrial and 

aquatic systems (Lubchenco and Gaines 1981, Hanley et al. 2007). In freshwater ecosystems, 

plants species can reduce grazing pressure by producing allelochemichals as a chemical 

resistance strategy (Newman et al. 1996, Choi et al. 2002, Gross et al. 2002). Other species 

developed a tolerance strategy by transferring resources (e.g. nitrogen and phosphorus) to 

ungrazed and protected organs (Sadras and Wilson 1997, Stowe et al. 2000, Schooler et al. 

2007). Such a tolerance strategy has been shown to occur in terrestrial (Mulder and Ruess 

1998, Throop 2005) and aquatic systems (Verges et al. 2008, Miller and Straile 2010). As an 

example, Miller and Straile (2010) observed that Potamogeton perfoliatus can translocate 

nutrients from leaves to tubers with increased grazing pressure of the invertebrate species A. 

ephemerella. Finally, other highly palatable species presenting no defence or tolerance 

strategy should only occur in environments with low herbivory (Sheldon 1987) or in 

environments with high productivity in order to compensate the loss of biomass due to 

herbivory.   

As macrophyte communities strongly interact with other organisms and play a central 

role for ecosystem function and services, I address in my thesis the role of indirect positive 

interactions (i.e. indirect facilitation) as a potential mechanism driving these communities. I 

focus on this potential driver across trophic levels such as the indirect facilitation of predators 

on plants by mediating herbivores (trophic cascades) and within trophic levels such as the 

indirect facilitation among plants under grazing disturbance or eutrophication.  
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In Chapter I, I address in a review the potential role of abiotic and biotic factors 

responsible for changes in plant interactions in a wide range of ecosystems. The main 

objective is to include indirect facilitation into the relationship between biodiversity and plant 

interactions. I propose a response surface model combining earlier conceptual models and 

theories into an integrated approach and predicting the hot-spots of diversity. Finally, this 

approach shows how the interacting factors may lead to a collapse of facilitation and may 

affect ecosystem change such as desertification of arid systems. 

In Chapter II , I particularly address the response of submersed macrophyte 

communities to a trophic cascade, poorly documented in littoral lake zones. It has been 

recently shown that P. perfoliatus, a dominant macrophyte species in Lake Constance is 

strongly influenced by the herbivorous moth A. ephemerella (Miler and Straile 2010). In turn, 

the life-history and population dynamics of A. ephemerella are also heavily affected by 

predation of sticklebacks (Gasterosteus aculeateus) (Miler et al. 2008). In a mesocosm 

experiment, I test the potential indirect positive effects of sticklebacks on P. perfoliatus by 

mediating the abundance of A. ephemerella. 

Since changes in plant interactions are poorly documented in freshwater ecosystems, 

Chapter III  describes the effects of A. ephemerella as a grazer on the indirect facilitation 

among macrophyte species. I use a large grazing disturbance gradient to test the potential 

occurrence of the shift from competition to indirect facilitation among plants and the 

occurrence of a collapse in indirect facilitation due to decreased protecting effects of 

benefactors within these aquatic communities.  

Finally, I experimentally address in Chapter IV  the effects of eutrophication on 

indirect facilitation in freshwater ecosystems. In this chapter, I discuss the relationship 

between indirect positive interactions among macrophytes species and its implication for 

regime shifts under increased nutrient loading.  
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Chapter I 

 

The role of facilitation among plants on biodiversity under co-

occurring environmental factors. 

 

YOANN LE BAGOUSSE-PINGUET, ROB W. BROOKER, NICOLAS GROSS, PIERRE LIANCOURT, 

DIETMAR STRAILE
 &  RICHARD MICHALET 

 

 

 

Abstract 

Direct facilitation among plants has recently been included into the humped-back diversity-

biomass relationship along environmental severity gradients. However, recent evidence 

stresses the occurrence of indirect facilitation due to biotic disturbance under a wide range of 

environmental severity, and including indirect facilitation will thus bring these conceptual 

frameworks up to date. We propose a new conceptual model of variation in plant interactions 

along both biotic disturbance and environmental severity gradients, combining earlier models 

and theories into an integrated approach. This response surface model underlines a peak of 

direct/indirect facilitation related to hot-spots of diversity in intermediately severe and 

biotically disturbed environments, and explains how plant communities might expand into, or 

be excluded from, harsh and biotically disturbed environments. 

 

Keywords: biotic disturbance, community theory, environmental severity, expansion and 

extinction of communities, hot-spots of diversity, plant interactions, response surface model. 
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Introduction 

For several decades plant ecologists have attempted to understand how environmental 

drivers act to regulate biodiversity. Grime (1973) proposed two separate models to explore the 

impacts of two broad categories of drivers – environmental stress and biotic disturbance (i.e. 

management intensity) upon the species richness of herbaceous communities. Both of these 

models proposed a humped-back relationship between species richness and either abiotic 

stress (factors such as drought, cold, shade and mineral nutrient deficiencies) or biotic 

disturbance (described originally as management intensity and including biotic pressure such 

as grazing or mowing). The highest species diversity was found at an intermediate position 

along both gradients. Grime (1973) and others (e.g. Huston 1979) proposed that species 

richness drops in highly stressed or disturbed environments because of the low number of 

species capable of tolerating these extreme environmental conditions, whereas competitive 

exclusion was considered the main factor driving the decrease in richness occurring in benign 

and undisturbed environments. In the context of these models the role of competition is 

regulated by environmental drivers such that it only becomes a dominant force in productive 

and benign environments. 

For a considerable period, and except in a few specific cases (see Callaway 2007 and 

Brooker et al 2008 for reviews), the influence on diversity of positive rather than negative 

interactions was largely overlooked. Michalet et al (2006) used empirical evidences 

(Kitzberger et al. 2000, Callaway et al. 2002, Maestre and Cortina 2004, Maestre et al. 2005 

Anthelme et al. 2007, Gomez-Aparicio et al. 2008) as a starting point for integrating 

facilitation into the community diversity-biomass relationship of Grime (1973). They 

proposed that the decrease in community richness occurring in very harsh physical conditions 

was in part due to a collapse of positive interactions and not only to species’ physiological 

intolerance, as originally argued by Grime (1973). In the revised model, diversity peaks at an 

intermediate level of environmental severity because of the facilitative effects of stress-
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tolerant species on stress-intolerant (more competitive) species (Fig. 1). This theoretical 

model has been successfully tested, using a spatially explicit modelling approach (Xiao et al. 

2009) and experimentally supported along a sand deposition gradient in coastal dune 

communities (Forey et al. 2009). However, both theoretical and modelling approaches, as 

well as experimental evidence, only focus on abiotic environmental severity, despite the fact 

that it often operates jointly with biotic disturbance (e.g. grazing) in a wide range of 

environments (Grime 1973, Bertness and Callaway 1994, Holmgren 2001, Brooker et al 2006, 

Graff et al 2007, Kefi et al 2007, Boulant et al 2008, Crain 2008, Eskelinen 2008, Anthelme 

and Michalet 2009, Veblen 2008), and although both constraints may vary independently 

along complex environmental gradients. These approaches, therefore, did not address the role 

of indirect positive interactions for regulating diversity along biotic disturbance gradients due 

to associational defences – i.e. protection of palatable (more competitive) by unpalatable 

species – (Holmes and Jepson-Innes 1989, Callaway 1995), despite it having been addressed 

previously by a number of authors (Olff et al 1999, Rousset and Lepart 2000, Callaway et al 

2000, 2005, Milchunas and Noy-Meir 2002, Bakker et al 2004).  

The aims of this paper are i) to explore whether an interpretation of Michalet et al’s 

(2006) framework with respect to the role of indirect facilitation along biotic disturbance 

gradient is feasible; (ii) to propose a new conceptual model of variation in plant interactions 

along both biotic disturbance and environmental severity gradients. A number of authors have 

recently stressed the importance for disentangling the impacts of both abiotic and biotic 

components (Smit et al 2009) and for including indirect facilitation in community theory 

(Graff et al 2007, Brooker et al, 2008). The benefits of integrating both types of driver within 

a framework such as this is the capacity to assess if and how they interact when they co-occur, 

and the consequences of this for the role of plant interactions in regulating plant species 

richness. 
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New insights into the facilitation – biotic disturbance relationship and its 

consequences for biodiversity. 

Important new insights into the disturbance-diversity relationship have arisen from 

empirical studies conducted along biotic disturbance gradients in terrestrial (Brooker et al 

2006, Graff et al 2007, Smit et al 2007, Vandenberghe et al 2008) and marine ecosystems 

(Levenbach 2009). These studies have found humped-back patterns of variation in 

interactions similar to those proposed by Michalet et al’ s (2006) model along environmental 

severity gradients (Fig. 1). Under low biotic disturbance, tall competitive species attain their 

maximum vigour, and species richness is low due to competitive exclusion (Grime 1973, 

1979, Huston 1994, Osem et al 2002, 2004). Then, consistent with Bertness and Callaway’s 

(1994) model, plant interactions shift from competition to indirect facilitation with increasing 

biotic disturbance (consumer pressure) because of changes in both the competitive 

environment and increasing indirect facilitative processes (Grime 1973, Graff et al 2007). The 

highest diversity, at an intermediate level of biotic disturbance, corresponds to the co-

occurrence of both competitive and unpalatable species. Diversity is enhanced at this position 

as a result of the strongest associational defence by unpalatable nurse species on subordinate 

palatable and competitive species. At high levels of biotic disturbance (upper panel, parts B1 

and B2, Fig. 1), indirect positive interactions break down because increased herbivore search 

effort induces the failure of benefactor protection (Brooker et al 2006, Smit et al 2007). As in 

Michalet et al’s (2006) model, the drop in species richness in highly disturbed environments 

may be explained in part by the collapse of indirect facilitation as well as species’ intolerances 

to biotic disturbance.  
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Figure 1 Integration of facilitative interactions into the biomass - diversity relationships along gradients of both 

environmental severity and biotic disturbance. Adaptation of Michalet et al’s (2006) model to illustrate variation 

in competition and direct and indirect facilitation along both environmental severity and biotic disturbance 

gradients respectively (upper panel), and their relationship to variation in species richness (lower panel). The 

relative location of main groups of species occurring along environmental severity or biotic disturbance 

gradients, namely competitive species (grey), stress-tolerant species (consistent with Michalet et al. 2006) or 

unpalatable (black) and intermediate strategies, is also shown.  In part A1 of the gradient (very low severity or 

biotic disturbance impacts) competitive species dominate communities. In part A2 (low biotic disturbance or 

severity) these strategy types (competitive, stress-tolerant or unpalatable species and intermediate strategies) are 

present, with a higher abundance of competitive species. In part B1 (intermediate to high severity or biotic 

disturbance), all strategies co-occur, but stress-tolerant or unpalatable species are more abundant than 
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competitive species. In part B2 (very high severity or biotic disturbance impacts), only stress-tolerant or 

unpalatable species occur. The upper panel shows the average impact of net interactions (negative and direct / 

indirect positive effects) on recipient competitive (grey curve), and stress-tolerant or unpalatable (black curve) 

species. Only one curve is represented in parts A1 and B2 because only competitive, stress-tolerant or 

unpalatable species, respectively, occur in these conditions. 

 

Integrating, within a response surface model, variations in plant 

interactions along both biotic disturbance and environmental severity 

gradients. 

Ecological gradients are often complex in nature, whereas experimental evidence mostly 

arises from simplified studies conducted along direct gradients. Only a few recent studies 

have focused on the combined effects of severity and biotic disturbance on plant interactions 

(Osem et al 2004, Graff et al 2007, Boulant et al 2008, Crain 2008, Eskelinen 2008, Veblen 

2008, Anthelme and Michalet 2009). Therefore our understanding of the mechanisms 

underlying the regulation of plant interactions and their impacts on community structure and 

composition along complex gradients remains limited. However, some theoretical models 

have proposed an integration of the impacts of both environmental severity and biotic 

disturbance. For example, Bertness and Callaway (1994) proposed that the impacts of both 

physical stress and biotic disturbance (consumer pressure) on plant interactions are mutually 

negatively constrained along a hypothetical productivity gradient. However, empirical 

evidence does not support such an assumption: biotic disturbance, for example, has also been 

described in severe environments (e.g. Holmgren et al 2001, Graff et al 2007, Kefi et al 2007, 

Eskelinen 2008, Veblen 2008, Anthelme and Michalet 2009). Hence, biotic disturbance may 

occur across environmental severity gradients and may vary independently from it, and Graff 

et al (2007) stressed the importance of expanding theoretical models in order to account for 

the impact of biotic disturbance - mediated indirect interactions in severe ecosystems.  
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By considering the relationships between species richness and productivity for 

environmental severity and biotic disturbance gradients independently, our consideration of 

the role of interactions is not then constrained by assumptions about their covariation. It is 

possible to propose an integrative model based on the independent variation of these two main 

suites of drivers that includes their full possible range of combinations. We suggest that such 

a model may give a more complete overview of the relationships between plant interactions 

and biodiversity than is found in existing, separate or mutually constraining models. While 

describing this new model (Fig. 2) we will also explore its potential for understanding 

observed diversity patterns and its integration with other existing models.  

Consistent with Grime (1973), the strongest competition occurs in the benign and 

undisturbed corner of the model (Fig. 2a), where diversity is also very low (Fig. 2b).  No plant 

interactions are proposed to occur at the opposite (high severity and biotic disturbance) corner 

of the model, because the strong negative effects of both constraints impede the occurrence of 

plant-plant interactions (Michalet et al 2006). Diversity is very low or may even reach zero 

here because of both the breakdown of indirect and direct facilitative processes and species 

physiological intolerances to the severe conditions.  

 
Figure 2A Response surface of net impact of interactions on recipient species, created by integrating Michalet et 

al.’s (2006) model and its extension to a biotic disturbance gradient (Figure 1). The plane beneath the response 

surface indicates a proposed location, relative to the x and y axes, of a modification of Grime’s (1974) triangular 

C-S-R ordination of plant strategies. Our axes clearly differ from those of Grime’s original C-S-R model 
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(environmental severity as opposed to stress and biotic disturbance as opposed to disturbance). However, this is 

a necessary compromise in combining the effects of biotic disturbance and environmental severity, as examined 

separately in previous work on plant facilitation. We have indicated the location of the extreme strategies on our 

gradients: C – competitive species (in the least severe/disturbed environments), stress-tolerant - including both 

stress and abiotic disturbance tolerant species, and unpalatable species (in the most biotically disturbed 

environments). Interestingly our full response surface contains a zone of high severity and biotic disturbance 

which is absent from Grime’s triangular ordination (indicated by the hatched line in the lower plane). The 

surface itself shows positive interactions reaching a maximum at intermediate levels of both severity and biotic 

disturbance. In productive environments (low severity and biotic disturbance) where the competitive (C) strategy 

dominates, strong competitive exclusion may occur (Grime 1973), whereas in environments that are dominated 

by either high severity or high biotic disturbance facilitation breaks down. At intermediate levels of both factors 

we might see a peak of direct / indirect facilitation. 

 

The peak of direct / indirect facilitation occurs at intermediate levels of both severity 

and biotic disturbance. Facilitation is known to increase species richness in stressed and 

disturbed environments (Hacker and Gaines 1997, Cavieres et al 2002, 2006, Callaway et al 

2000, 2005) and this peak of positive interactions also coincides with the co-occurrence of all 

main and intermediate C-S-R species strategies sensu Grime 1974. When relating our 

response surface of plant interactions to Grime’s C-S-R triangular ordination of plant 

strategies (bottom plane, Fig. 2a) it is interesting to note that our model predicts that the peak 

of facilitation and diversity is not in the centre of the triangular ordination. Although it is in 

the centre of our model, it is toward the lower edge of the triangular ordination, in accordance 

with Grime’s empirical data from the UK, in which maximum diversity occurs mid-way along 

the S-R axis (Grime 1974, Fig. 4). In Grime’s work, this location in the triangular species 

ordination corresponds to the mesophilous Bromus erectus communities (Grime 1974, Al-

Mufti et al 1977), where moderate drought, nutrient deficiency and biotic disturbance have 

been shown to be the driving mechanisms allowing a very high number of species to coexist 

(Dutoit and Alard 1995, Michalet et al 2002, Corket et al 2003). Previously, with respect to 
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plant-plant interactions, this peak in diversity had only been associated with a decline in the 

role of competition, but our model indicates that it may also be partially the consequence of 

relatively high impacts of both direct and indirect facilitation. In support of this interpretation, 

Liancourt et al (2005) showed that, under a range of contrasting environmental conditions 

studied in a similar system in the French Alps, facilitation was the highest under this 

combination of environmental drivers. 

 
 

Figure 2B Representation of the humped-back relationship of species richness by integrating both environmental 

severity and biotic disturbance gradients. In productive environments, diversity is low due to strong competitive 

exclusion. Conversely, diversity collapse in highly severe or biotically disturbed conditions due to the collapse of 

direct or indirect positive interactions and due to species’ physiological intolerance. The peak of facilitation at 

intermediate levels of component might be associated with hot-spots of diversity, with communities that include 

representatives of all strategies. 

 
 

An important feature of our new three-dimensional response surface model is its 

ability to integrate a number of other theories and models of plant-plant interactions. As 

mentioned above, this model combines the stress- and disturbance-driven plant diversity 

models of Grime (1973). We can also identify in our response surface model the 

circumstances under which the classic “Stress Gradient Hypothesis” (SGH) is supported (grey 
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curve, Fig. 2c), and gain insight into recent debate concerning variation in the role of positive 

interactions along severity gradients (Maestre et al 2005, 2009, Lortie and Callaway 2006, 

Michalet 2007). Lortie and Callaway (2006) argued that one explanation for the inconsistency 

between the meta-analysis of Maestre et al (2005) - which indicated no significant increase in 

facilitation with increasing environmental severity - and the SGH, may be differences 

between studies in the length of the environmental severity gradients that were used. Our 

model illustrates how both the length and location of gradients might be important. Most short 

gradients would show a change in interactions that indicate reduced competition and 

increased facilitation. However, longer gradients (e.g. the two black curves), or those located 

in very severe environments, would encompass the collapse in positive interactions and not 

show the classic SGH pattern. 

 

 

Figure 2C Graphical representation of 

the incorporation of earlier theories of 

plant interaction – environmental 

severity relationships in our response 

surface model. From productive 

environments, experimental studies 

manipulating severity and/or biotic 

disturbance may validate the Stress 

Gradient Hypothesis (grey curve), but 

this depends on the length of the 

gradient: longer gradients might 

encompass the collapse of facilitative 

processes (black curves). In our response 

surface, the model of Bertness and 

Callaway (1994) (lower figure) sits on an 

axis running from intermediate levels of 

severity to intermediate levels of biotic 

disturbance (black dotted frame). 
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 Furthermore, failure to control disturbance while manipulating stress (or vice versa) 

might also lead to decreased facilitation with increasing environmental severity, for example 

if biotic disturbance was reduced while severity increased. Understanding the interactive 

effects of severity and biotic disturbance on interactions has direct applied relevance. Kefi et 

al (2007) showed, through a combination of field surveying and modelling, that positive 

interactions could explain the spatial organization of vegetation in three arid Mediterranean 

ecosystems with high stress but low biotic disturbance (simple environmental severity 

gradient). However, with increasing biotic disturbance (i.e. the imposition of a more complex 

gradient), facilitation could not prevent the decline of vegetation and onset of desertification.  

Thus, the interacting effects of both the abiotic severity and biotic disturbance may lead to a 

rapid desertification because the critical rates of components (i.e. grazing and water-stress) for 

collapse of vegetation are assumed to be lower (Holmgren et al 2001). Moreover, Graff et al. 

(2007) showed that biotic disturbance–mediated indirect facilitation may contribute to the 

long-term persistence of preferred grass species in severe environments. Finally, restricted co-

variation of environmental severity and biotic disturbance is a central component of Bertness 

and Callaway’s original (1994) model. Although Crain (2008) provided the first experimental 

test of Bertness and Callaway’s model in salt marshes, to our knowledge no single 

experimental study has fully supported it. Our response surface indicates that such a study 

would need to occur along a gradient extending from intermediately severe to intermediately 

biotically disturbed environments (black dotted frame, Fig. 2c) – very specific conditions 

which may be hard to replicate in natural systems where severity and biotic disturbance can 

vary independently. 

 

Limitations of the model and further research questions. 

An interesting issue arising from our model is the identification of gaps in our knowledge 

and future research questions. Because few empirical studies have addressed plant 



Chapter I 

 23 

interactions at the very extreme ends of gradients, further experiments are needed to test our 

response surface model. The lack of field studies combining gradients of both severity and 

biotic disturbance is a hindrance to our understanding of the mechanisms regulating 

community composition along complex gradients. We would like to stress in particular the 

following questions:  

• Are the shapes of responses of plant interactions identical along severity and biotic 

disturbance gradients? In our model we show an illustrative and symmetrical relationship, 

but the relative changes in plant interactions along the two types of gradient need not be 

similar.  

• Are plant interactions additive when combining several constraints? Again, we assume 

this to be the case in the production of our response surface, although modelling results of 

Kefi et al (2007) showed they may actually be multiplicative. 

Moreover, although some studies focused on the relationship between the role of positive 

interactions and species’ deviations from their physiological optima along environmental 

severity gradients (Liancourt et al 2005), to our knowledge no evidence is available in the 

literature concerning biotic disturbance gradients. 

Finally one of the most obvious features of our response surface model is the 

occurrence of a “highly severe and disturbed corner” (Fig. 3). According to Grime (1974), 

there are no viable species strategies in such environments. However, positive interactions can 

expand the realized niche of a species (sensu Hutchinson 1957) by alleviating stress or biotic 

disturbance (Hacker and Gaines 1997, Choler et al 2001, Bruno et al 2003), in turn increasing 

the species richness of harsh environments (Hacker and Gaines 1997, Callaway et al 2000, 

2005). Thus, facilitative processes might enable species and communities to expand beyond 

the limits of individual species’ tolerances, i.e. beyond the area of Grime’s (1974) triangle, 

and in particular under highly physically stressed and disturbed conditions (Fig. 3). The 

expansion of communities beyond Grime’s (1974) triangle may be due to positive interactions 
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which not only promote species persistence at low abundance within stressful environments 

that would otherwise be outside their fundamental niche, but also promote the dominance of 

benefactors within these communities (Gross et al 2009). 

 

 

Figure 3 Communities’ expansion out of the space delineated by Grime’s (1974) triangular ordination of plant 

strategies into severe and biotically disturbed environments. Facilitation might increase species richness by 

expanding realized niches into these areas. Note that the plane represents the response surface model as a 

contour plot with the shift from competition (black) to facilitation (white) to better illustrate this niche 

expansion. 

 

Conclusions 

Plant interactions are recognized as key-drivers of community structure and dynamics.  

Because the outcome of plant interactions is dependent on biotic disturbance and 

environmental severity (Grime 1973, Bertness and Callaway 1994, Brooker and Callaghan 

1998, Michalet et al. 2006) and because both of these drivers may vary independently from 



Chapter I 

 25 

each other, we believe that considering plant interactions as a response surface model, 

including both constraints, constitutes an important step in our understanding of the role of 

these key-drivers along complex gradients. Importantly, those environments in which positive 

interactions are common, e.g. threatened arid ecosystems, are also highly sensitive, and 

understanding interaction processes is directly relevant for management and conservation of 

these communities, as well as for predicting their response to global change (Suding et al 

2008). For example, the combination of environmental severity and biotic disturbance (e.g. 

grazing pressure) has been shown to modify transitions from one stable state to another, and 

studying their interactions may be important in the fight against desertification and central for 

management (Holmgren et al 2001, Kefi et al 2007). Furthermore, including in a single model 

both biotic disturbance and severity gradients enables us to unify the separate models of 

Grime (1973), with facilitation theory (e.g. Bertness and Callaway 1994, Brooker and 

Callaghan 1998, Michalet et al 2006), and to link these models to those exploring plant 

strategies (Grime 1974). 
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Abstract 
 
Cascading trophic interactions are well documented in freshwater ecosystems within pelagic 

or lotic food-webs. However, although macrophytes are strongly influenced by herbivory, 

there is little evidence for the existence of trophic cascades affecting macrophyte dynamics in 

the littoral of lake ecosystems. Here we examine the potential for a trophic cascade between 

macrophytes (Potamogeton perfoliatus), a generalist herbivore, the aquatic moth Acentria 

ephemerella, and fish, sticklebacks (Gasterosteus aculeatus). We performed two mesocosm 

experiments by manipulating fish presence. In a first experiment, we analysed the predation 

pressure of sticklebacks on small and large individuals of A. ephemerella. Predation had a 

much stronger effect on small rather than large larvae. In a second experiment, we examined 

the response of moth population densities and macrophyte biomass after one and three months 

of trophic interactions. Although we used large larvae of A. ephemerella and we already had 

strong plant damage due to herbivory at the start of fish introduction fish predation strongly 

reduced Acentria densities. Moreover, the aboveground and total plant biomasses were 
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significantly higher under fish predation compared to the control without fish. Consequently, 

our results demonstrated strong indirect interactions between fish and plants, and so found 

strong evidence for cascading trophic interactions between macrophytes, herbivorous moths 

and sticklebacks within littoral food webs.    

 
Key words: Acentria ephemerella, cascading trophic interactions, Gasterosteus aculeatus, 

littoral of freshwater lakes, mesocosm experiments, Potamogeton perfoliatus. 
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Introduction 

Top-down trophic cascades are now well-documented in the literature, mainly in aquatic 

ecosystems (Strong 1992), e.g. freshwater lakes (Carpenter et al. 1985, Carpenter and Kitchell 

1993), rivers (Power 1990), coastal kelp beds (Estes et al. 1998) and pelagic zones in the 

ocean (Worm and Myers, 2003) and more recently also in terrestrial systems (Schmitz et al. 

2000, Hebblewhite et al., 2005, Finke and Denno 2006). Studies on top-down trophic 

cascades in freshwater ecosystems often focused on pelagic (Carpenter et al. 1985, Carpenter 

and Kitchell 1993, Persson 1997, Bertolo et al. 1999) or lotic food-webs (Power 1992). 

Conversely, cascading trophic interactions in littoral zones between macrophytes, herbivores 

and their predators received less attention. However, recently Ward and Newman (2006) 

suggested an indirect positive effect of fish on watermilfoil growth indicating for a potential 

trophic cascade within this system.  

Macrophyte beds as well as seagrass meadows are well known to provide food and 

shelter for many fish species (Heck et al. 2003, Gillanders 2006) and are regarded to function 

as important nursery habitats for commercially important fish species (Butler and Jernakoff 

2000 Beck et al. 2001). Macrophytes usually occur in patches which play a vital role in 

structuring the littoral zone of lakes (Jeppesen et al. 1997). Potamogeton perfoliatus (L.) is a 

dominant species in Lake Constance; often forming large monospecific patches (Wolfer and 

Straile 2004). Herbivory rates (and also mass-specific herbivory rates) in aquatic ecosystems 

actually are generally higher than in terrestrial habitats (Cyr and Pace 1993). Also P. 

perfoliatus is strongly affected by herbivory of larvae of the moth Acentria ephemerella 

(Denis and Schiffermüller) resulting in widespread feeding damage on leaves (Gross et al. 

2002, Miler and Straile 2010). A. ephemerella is a generalist herbivore with a predominantly 

aquatic life-cycle and is commonly found in lakes and brackish coastal waters throughout 

Central and Northern Europe (Petersen 1924, Berg 1942, Palmen 1953, Kokocinski 1963, 
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Haenni 1980, Hedal 1992, Gross et al. 2002) and invaded lakes in North America during the 

last decades (Batra 1977, Scholtens and Balogh 1996). This herbivore can cause damage on a 

variety of submerged macrophytes like Myriophyllum spicatum (L.), Elodea canadensis 

(Michx.) and Potamogeton pectinatus (L.) (Gross et al. 2001) and can be found in high 

densities in Lake Constance during the summer months, from Mid-June to August (Gross et 

al. 2002, Miler 2008). Finally, sticklebacks (Gasterosteus aculeatus L.) are known to be able 

to exert a strong predation pressure on macro-invertebrates (Allen and Wootton 1984, 

Schluter 1995). In a mesocosm experiment, Miler et al. (2008) showed that sticklebacks also 

feed on A. ephemerella larvae and were able to dampen A. ephemerella’ s population growth. 

In addition to consumptive mortality sticklebacks also affected the moth population by 

shifting its sex-ratio toward male-bias and changing the size structure of larvae towards larger 

larvae.  

Following works of Miler et al. (2008) and Miler and Straile (2010), the main 

objective of this paper is to investigate the potential for cascading trophic interactions 

between macrophytes (P. perfoliatus), a generalist herbivore, the aquatic moth A. ephemerella 

and fish, sticklebacks (G. aculeatus) in macrophyte beds from the littoral zone of Lake 

Constance. In order to analyse this potential trophic cascade, we set up two experiments in an 

outdoor mesocosm. In a first short-term experiment (experiment 1), we manipulated fish 

presence and examined the predation impacts on two different sizes (ages) of larvae of A. 

ephemerella. As suggested by Miler et al. (2008), a stronger predation pressure may be 

observed on smaller individuals. In a second long-term experiment (experiment 2), we again 

manipulated fish presence and examined the response of both the moth population densities 

and macrophyte biomass after one and three months of trophic interactions. The existence of a 

trophic cascade will be fully supported if the fish presence decreases herbivore densities and 
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increases plant biomass. Conversely, the absence of fish should decrease plant biomass due to 

a high level of A. ephemerella feeding damage. 

 

Material and Methods 

Experimental designs 

The two experiments (i.e. experiments 1 and 2) lasted one (July 2006) and three months (from 

June 2007 to September 2007), respectively, and were conducted in an outdoor mesocosm 

(length = 10.5 m, width = 5 m, height = 1.5 m). In the experimental design we manipulated 

the fish presence with fifteen and ten experimental units (plots) for experiments 1 and 2, 

respectively. The plots consisted of a styrodur frame connected to a tube made of plastic foil 

(transparent Tricoron; RKW AG Rheinische Kunststoffwerke, Wasserburg, Germany) which 

was fixed to a black box containing sediment and water from Lake Constance (Miler et al., 

2008). A metal frame was placed in the sediment in order to separate each plot in two equal 

parts for both samplings. 

 

Experiment 1: predation pressure and larval size 

Plant shoots of P. perfoliatus were collected from different Upper Lake Constance 

macrophyte patches and transplanted on 14th June 2006 in all 15 plots in equal densities. All 

A. ephemerella were removed from the plants prior to transplanting. Pupae of A. ephemerella 

were sampled from different Upper Lake Constance macrophyte patches and introduced (79 

pupae per plot) in each plot from 20 to 22 July 2006. From these pupae adult individuals 

hatched, mated and laid egg clutches. On 31 July, after ten days, feeding damages or small, 

freshly hatched larvae could be observed in all experimental units.  
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Five plots were used as a control, in five plots the effects of predation on small, freshly 

hatched A. ephemerella larvae were examined by adding twelve sticklebacks on 31 July 2006  

(EF: “Early Fish” treatment). The number of larvae was sampled in the EF treatment on 10 

August 2006, i.e., after a predation period of 10 days. In the remaining five plots, fish were 

introduced on 10 August 2006, i.e. after the larvae were allowed to grow for 10 days in order 

to test the predation pressure on bigger individuals (LF: “Late Fish” treatment). Also this 

treatment was sampled after a predation period of 10 days. The fish density (24 ind m-2) was 

similar to Miler et al. (2008). The experiment was continued until 20 August 2006, 

corresponding to a total duration of 1 month with 10 days duration of predation in both EF 

and LF treatments. 

 

Experiment 2: trophic cascade interactions 

Consistent with the first experiment, we carefully transplanted on 15 June 2007 in all plots 

shoots of P. perfoliatus in equal densities. Dead plant individuals were replaced during the 

next three weeks assuming mortality was due to transplantation shock. Pupae of A. 

ephemerella were sampled from different upper Lake Constance macrophyte patches. We 

introduced in each plot 50 pupae on 2 July 2007. The duration of the experiment permitted the 

development of two generations of A. ephemerella (data not shown). Five experimental units 

served as a control (C), in five units fish (F) were introduced as in experiment 1 by adding 

twelve sticklebacks ten days after observed freshly larvae in all experimental units. Hence, the 

fish addition was consistent with the “Late fish” treatment in the first experiment.  
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Data collection 

For the experiment 1, the total number of individuals (including active and overwintering 

larvae, and pupae) was compared between Control, “Early Fish” and “Late Fish” treatments. 

In order to test the effects larval size on predation pressure, larval head capsule widths were 

measured under a microscope equipped with an ocular micrometer. If available 20 individuals 

per replicate and all individuals in the pupal stage (Control: n = 220; Early Fish: n = 53; Late 

Fish: n = 146) were measured.  Active, overwintering and total number numbers of larvae and 

above- and belowground plant biomasses were recorded after one month of the experiment 2, 

at the beginning of August 2007, and after three months, in late September 2007. 

Additionally, we also estimated the initial aboveground plant biomass in order to assess if 

food quantity may be not a bias for Acentria’s development. We established a length of 

ramets (cm) – dry mass relationship (g) (dry mass = 0.0059 * (length of ramets1.1884), n = 100, 

R² = 0.71, p < 0.0001). The initial plant biomass was not significantly different in all 

replicates (F3, 12 = 0.01, P > 0.05) and we assume that no food quantity effects occurred and 

interfered in the experiment. The halves of the above- and belowground biomasses including 

roots and tubers were carefully taken in each plot for each sampling. Belowground biomass 

was separated between roots and tubers. Samples were dried at 65°C for 72 h and weighed. 

All larvae associated with P. perfoliatus (active and overwintering larvae) in each plot were 

washed through a sieve (mesh size 45 µm) and fixed in 70 % Ethanol in 1 l plastic boxes. 

 

Statistical analyses 

Total density and head capsule width were analyzed using a one-way ANOVA with Control, 

“Early Fish” and “Late Fish” as factors in experiment 1. Tukey’s HSD tests were conducted 

to determine the significant differences between treatment means. Active, overwintering and 

total larval densities and below- and aboveground biomasses were analyzed using two-ways 
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ANOVAs with fish presence and sampling as treatments for experiment 2. All analyses were 

done using JMP software 5.1 (SAS Institute 2002) and were log-transformed before analyses 

to meet assumptions of parametric tests when necessary.  

 

Results 

Experiment 1: Predation pressure and individual sizes 

Head-capsule widths significantly differed between treatments (F2, 418 = 8.21, P = 0.0003) 

with a smaller size of larvae in the Early Fish treatment (mean ± SE = 469.01 ± 21.40 µm) 

(Tukey test) compared to Control (542.69 ± 9.17 µm) and Late Fish (516.53 ± 6.80 µm). 

Predation pressure affected strongly the density of A. ephemerella (F2, 12 = 30.58, P < 0.0001; 

Fig. 1). The early fish predation (“Early Fish”) had the strongest effect on the A. 

ephemerella’s density and the later predation pressure (“Late Fish”) had an intermediate 

effect (Fig 1: Tuckey tests). The densities of A. ephemerella were reduced to 97.97 ± 0.81% 

with an early predation pressure and to 80.45 ± 13.42% with a later one compared to the 

Control. 
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Figure 1 The effects of the “Early Fish “(EL) and “Late Fish” (LF) treatments on the total densities of A. 

ephemerella including active and overwintering larval, and pupae stages (means ± SE). Levels of significance of 

Fish effect (F) for the one-way ANOVA are indicated at the right of the diagram. Capital letters indicate 

significant means contrasts among factors at P < 0.05 (post-ANOVA Tukey HSD test); n.s., not significant; (*): 

P < 0.1, *: P < 0.05, **: P < 0.01, ***: P < 0.001.  

 

Experiment 2: Numbers of larvae and plant biomasses responses 

Fish presence had a strongly significant effect on total (F3, 12 = 20.74, P = 0.0003; Fig. 2a), 

active (F3, 12 = 8.57, P = 0.01; Fig. 2b), and overwintering larvae (F3, 12 = 9.93, P = 0.006; Fig. 

2c) by dramatically decreasing the number of individuals. Sampling effects were significant 

for the total number (F3, 12 = 14.41, P = 0.002; Fig. 2a) and number of active larvae (F3, 12 = 

34.40, P < 0.0001; Fig. 2b) by decreasing the abundance in both fish treatments.  

 Fish presence increased significantly the total (F3, 12 = 9.41, P = 0.01; Fig. 2a), 

aboveground (F3, 12 = 6.19, P = 0.03; Fig. 2b), and belowground plant biomasses (F3, 12 = 

7.07, P = 0.02; Fig. 2c). The aboveground (F3, 12 = 17.64, P = 0.002; Fig. 2b) and total plant 

biomasses (F3, 12 = 7.87, P = 0.02; Fig. 2a) decreased significantly between both samplings. 

 

Discussion 

This study strongly supports our hypothesis for strong cascading trophic interactions in 

macrophyte beds between G. aculeatus (sticklebacks) as vertebrate predators, A. ephemerella 

as an aquatic herbivorous moth and P. perfoliatus as the primary producer. Our results 

showed a strong impact of fish predation on A. ephemerella by dramatically decreasing larval 

abundances (both, active and overwintering stages). Moreover, fish presence had an indirect 

effect on plants by decreasing herbivores damage and, consequently, by increasing above- and 

belowground plant biomass. 
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Our results on the effects of fish predation on larval size (experiment 1) indicated a 

stronger pressure on small rather than large individuals as suggested by Miler et al. (2008). 

Sticklebacks are well-known to exert a strong predation pressure on macro-invertebrates 

(Allen and Wootton 1984, Schluter 1995). Setting up an experimental design similar to Miler 

et al. (2008) with a comparable density of fishes, we also found a dramatic decrease of A. 

ephemerella’s densities by predation (experiments 1 and 2). Miler et al. (2008) showed 

evidence for a strong effect of sticklebacks on A. ephemerella population dynamics, i.e. a  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The effects of fish versus control treatments on a) the total number of larvae, b) the number of active 

larvae and c) the number of overwintering larvae (means ± SE) for the two samplings. Levels of significance of 
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Sampling (S), Fish effect (F) and S*F treatment interaction for the two-ways ANOVAs are indicated at the right 

of each variable diagram; n.s., not significant; (*): P < 0.1, *: P < 0.05, **: P < 0.01, ***: P < 0.001.  

 

dampening of Acentria population growth by direct consumption of larvae and by shifting 

Acentria sex-ratio towards male-bias. These findings suggest that the strength of the potential 

cascading trophic interactions may depend on the size structure of the A. ephemerella 

population. Strong trophic cascades can be expected in systems with low horizontal diversity, 

i.e., a low number of species and functional groups within a trophic level (Duffy 2006). In our 

system, horizontal diversity at the producer and herbivory trophic level is low: A. ephemerella 

is the only important herbivore in the system (Gross et al. 2002) and other potential 

herbivores, such as caddisfly larvae of the genus Orthotrichia and shore fly larvae of the 

family Ephydridae, occur only in negligible densities on macrophytes in Lake Constance 

(personal observation).  

Fish presence had an indirect positive effect on plant biomass by increasing above- 

and belowground plant biomass in response to the decrease of herbivore abundance. These 

results are consistent with recent studies demonstrating a strong grazing effect of A. 

ephemerella on P. perfoliatus on the aboveground biomass (Gross et al. 2002) and on 

belowground biomass, such as overwintering organs used as a nutrient reserve for plant 

regrowth in the following spring (Miler and Straile 2010). As a consequence, Miler and 

Straile (2010) suggested that the grazing impact of the herbivorous moth on the development 

of P. perfoliatus should not only be confined to the actual season but will also influence shoot 

development in the following year. However, despite a significant impact of fish presence on 

belowground biomass (including roots and tubers), we did not detect any effect on 

overwintering organs (tubers) biomass in our experiment (data not shown). These results 

might be explained by the short duration of the experiment whereas Miler and Straile (2010) 

only found reduced averages of overwintering organ biomass and size after three months.  
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In order to test the existence of cascading trophic interactions in macrophyte beds with 

a conservative estimate in the strength of the trophic cascade, we used in the experiment 2 a 

predation pressure on large individuals. However, such an experimental design dampened the 

interaction strength at both top-down (predation effect) and bottom-up (plant response) 

interfaces. First, the late fish introduction (top-down control) led to an underestimation of the 

predatory effect on A. ephemerella. An earlier introduction of predators may have led to a 

stronger effect on larval abundance as illustrated in experiment 1 and to a stronger indirect 

positive effect on plant biomass. Second, the late fish introduction also led to the occurrence 

of strong feeding damages on plants (bottom-up control) in all replicates (personal 

observation). This grazing impact of A. ephemerella may buffer the results of indirect positive 

effects of fish predation on plant biomass. Additionally, such an early grazing impact of A. 

ephemerella on plants due to the late fish introduction likely led to an early diapause 

explaining the similar numbers of overwintering larvae observed in the control treatment for 

both samplings. 

Cascading trophic interactions including invertebrates with top-down control driven 

by fish communities are known to regulate macrophyte vegetation. Increased fish densities are 

often shown to produce indirect negative effects on macrophyte performances. Such complex 

patterns occur mainly when invertebrates do not feed directly on the primary producer, such 

as the fish-invertebrate-periphyton-vegetation (Brönmark and Weisner 1992, Martin et al. 

1992, Brönmark 1994) or the fish-zooplankton-phytoplankton-vegetation trophic chains 

(Jeppessen 1997). Because macrophytes species are known to regulate regime shifts (Scheffer 

et al. 1993, Jeppessen 1997), these fish-driven food chains have taken a large place in the 

“alternative stable state debate” on how they can impact on the occurrence of turbid states 

(Jones and Sayer 2003). Conversely, fish presence had a positive effect on plant performance 

in our study. This positive effect is directly related to the length of the trophic chain and may 

maintain a water clear state in a context of eutrophication.  
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Figure 3. The effects of the fish versus control treatments on a) the total plant biomass, b) the aboveground plant 

biomass and c) the belowground plant biomass (means ± SE) for the two samplings. Levels of significance of 

Sampling (S), Fish effect (F) and S*F treatment interaction for the two-way ANOVAs are indicated at the right 

of each variable diagram; n.s., not significant; * P < 0.05, ** P < 0.01.  
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Overall, our results demonstrated the existence of cascading trophic interactions 

between G. aculeatus (sticklebacks) as vertebrate predators, A. ephemerella as an herbivorous 

moth and P. perfoliatus as the primary producer in macrophyte patches of littoral zones. Our 

findings also showed that the fish predation pressure may be stronger on small rather than 

larger individuals, indicating that our results on cascading trophic interactions would have 

been underestimated. Such a stickleback - A. ephemerella - P. perfoliatus littoral trophic 

cascade would most probably be also of importance in many lakes in Central and Northern 

Europe due to the large distribution of A. ephemerella and P. perfoliatus. Macrophyte patches 

play a major role in structuring the littoral zones of lakes (Jeppesen et al. 1997) by providing 

food for fish species (Heck et al. 2003, Gillanders, 2006) or acting as important nursery 

habitats for commercially important fish species (Butler and Jernakoff 2000, Beck et al. 

2001). Conversely, fish may act as ecosystem engineers and gardeners in macrophyte beds. 

Their strong indirect positive effects on macrophyte plants may prolong the plant growing 

season and thus maintain a preferred habitat for food and sheltering (Heck et al. 2003, 

Gillanders 2006). Additionally, although we focused in this study on density-mediated 

indirect effects, trait-mediated indirect effects (sensu Abrams et al. 1996) can rival that of 

density-mediated indirect effects (Peacor and Werner 1997, Schmitz et al. 1997, Peacor and 

Werner 2000) with important implications for intra- and inter-specific interactions (Werner 

and Anholt 1996, Peacor and Werner 1997, 2000, 2001). In our system, trait mediated effects 

have been reported between sticklebacks and A. ephemerella (Miler et al. 2008) and between 

A. ephemerella and P. perfoliatus (Miler and Straile, 2010). However the trait-mediated 

indirect effects between fish and plants remain unclear and may, particularly, affect the 

defence strategy of P. perfoliatus under grazing pressure. P. perfoliatus does not grow any 

spines or other morphological defences and the content of plant secondary compounds, e.g. 

polyphenols, is low as compared to other macrophytes (Choi et al. 2002). P. perfoliatus may 

have a seasonal escape strategy as an anti-predator strategy which possibly includes early 
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senescence and retranslocation of nutrients from leaves towards overwintering organs (Miler 

and Straile, 2010). In such a way, the presence of fish may strongly affect its seasonal growth. 
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Chapter III 

 

The role of biotic disturbance on interactions among submersed 

aquatic plants. 

 

YOANN LE BAGOUSSE-PINGUET, ELISABETH GROSS AND DIETMAR STRAILE 

 

 

Abstract 

Grazing disturbance influences plant communities and shapes the outcome of plant-plant 

interactions. The aim of this paper is to experimentally address variations in plant-plant 

interactions along a large herbivory pressure gradient among aquatic plant communities in 

freshwater ecosystems. We performed a mesocosm experiment and predicted that plant-plant 

interactions (i) shift from competition to indirect facilitation for both survival and biomass of 

target species with increased grazing pressure, (ii) indirect facilitation collapse at high level of 

grazing and that (iii) both released competition and protecting effects co-occur and shape the 

net outcome of interactions. By providing a large herbivore gradient, we showed the 

occurrence of the full range of outcomes in plant-plant interactions occurring along grazing 

disturbance gradients. Both, released competition and increased protection by neighbouring 

plants resulted in a shift from competition to indirect facilitation from low to intermediate 

level of grazing pressure. Declined protecting effects of neighbouring aquatic plants resulted 

in a collapse of indirect facilitation under intense herbivory. 

Key-words: competition, indirect facilitation, freshwater ecosystems, grazing disturbance, 

protecting effect, released competition, submersed macrophyte species. 
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Introduction 

Disturbance factors such as herbivory are critical components of land use impacts on 

plant communities over vast areas of the globe (Asner et al. 2004). Theoretical works have 

suggested that the effect of grazing is not only direct but can be mediated by biotic 

interactions (Bertness and Callaway 1994, Brooker and Callaghan 1998, Mulder et al. 1999, 

Bruno et al 2003). Despite these theoretical works, there is still little experimental evidence 

on how biotic interactions can buffer the effect of grazing disturbance on large ecological 

gradients (Baraza et al. 2006, Smit et al. 2007, 2009). A better understanding on the 

underlying mechanisms that drive community responses to disturbance is likely to increase 

our ability to predict community dynamics and future ecosystem services in response to 

global changes (Chapin et al. 2000, Diaz et al. 2007, Suding et al. 2008). 

The nature of biotic interactions may shift along large gradients, with a dominance of 

competition in productive environments and facilitation under harsh abiotic or disturbed 

conditions (Bertness and Callaway 1994, Brooker and Callaghan 1998, Bruno et al. 2003). At 

low level of grazing, herbivores can alleviate competitive exclusion and constraints on species 

establishment (i.e., released competition effect, Grubb 1977; Knapp et al. 1999; Eskelinen and 

Virtanen 2005). This may especially be important under productive conditions, where 

herbivores can prevent light competition by tall, dominant species (Grime 1973, Connell 

1978, Jutila and Grace 2002). When grazing intensity increases, indirect facilitation can occur 

resulting from biotic refuges (physical barrier such as spine presence) or associational 

avoidances (Milchunas and Noy-Meir 2002). Mechanisms of associational avoidance can be 

explained by (i) “the Repellent – Plant Hypothesis” suggesting that grazing intolerant plants 

gain protections from grazing tolerant surrounding plants (Mc-Naughton 1978, Hay 1986); 

(ii) “the Attractant - Decoy Hypothesis” suggesting that a highly palatable plant may divert 

herbivores away from the less preferred plant (Atsatt and O’Dowd 1976). These positive 

effects of associational avoidances are likely to be mediated by the density of surrounding 
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neighbours (i.e. crowding effect, Karban et al. 1989). Although both protecting effects and 

released competition have been well-documented and assumed as leading to shifts in net 

outcomes of plant-plant interactions, few is know on their co-occurrence along grazing 

disturbance gradients and how they interact to shape the outcomes of plant-plant interactions.  

Responses in the net outcome of plant-plant interactions also depend on the natures of 

benefactors and beneficiary species (Liancourt et al. 2005, Baraza et al. 2006, Brooker et al. 

2008, Maestre and Callaway 2009) and the length of gradients under consideration (Maestre 

et al 2005, 2009, Lortie and Callaway 2006, Michalet 2007, Brooker et al. 2008). This latter 

point may be crucial to explain the differences between the predictions of Bertness and 

Callaway’s (1994) model (i.e. a shift from competition to facilitation with increased abiotic 

and biotic constrains) and results of recent studies showing patterns of declines in direct 

(Kitzberger et al 2000, Maestre and Cortina 2004) and indirect facilitation (Brooker et al. 

2006, Smit et al. 2007, Graff et al. 2007, Vandenberghe et al 2008, Levenbach et al. 2009). 

Using gradients with several levels of the manipulated factors may allow us to move beyond 

the clear limitations of the previous two-level experimental studies and to clarify the 

relationship between plant-plant interactions and gradients of constraints (Brooker et al. 

2008). 

Aquatic ecosystems are well-known to be more affected by biotic disturbance (i.e. 

grazing) than terrestrial ecosystems (Cyr and Pace, 1993) and constitute interesting study 

systems to understand how plant-plant interactions and underlying mechanisms (i.e. released 

competition and protecting effect) can drive aquatic plant communities in response to grazing 

disturbance. To our knowledge, there is no prior study testing these questions in freshwater 

environments or mainly concern changes in plant competition (Rees and Brown 1992, Rant 

2003, Center et al. 2005). Submersed aquatic plants (macrophyte species) occur in patches 

and play a key structuring role in freshwater ecosystems (Carpenter and Lodge 1986, Scheffer 

et al. 1993, Jeppesen et al. 1998). Competition for nutrients among macrophyte species is 
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usually strong, resulting in local dominance of one or a few species (McCreary 1991, Gopal 

and Goel 1993). Their local dominance is also strongly dependent on grazing pressure (Lodge 

and Lorman 1987, Sheldon 1987) and mechanisms of associational avoidances are likely to 

occur. Macrophyte species can decrease grazing losses by production of secondary elements 

(Newman et al. 1996). These species should survive in environments with high level of 

herbivory pressure (Coley et al. 1985). Conversely, some species with a high palatability 

could be restricted to environments with low herbivory pressure (Sheldon 1987).  

The main objectives of this manuscript are to investigate the responses of aquatic plant 

communities to grazing disturbances in freshwater ecosystems along a large gradient of 

grazing pressure. We predicted that (i) plant-plant interactions shift from competition to 

facilitation for both survival and biomass of target species with increased grazing pressure, 

(ii) both released competition and protecting effects co-occur and shape the outcomes of 

plant-plant interactions; (iii) plant-plant interactions collapse at high level of grazing. To test 

these hypotheses, we set up a mesocosm experiment within the summer of two years (2008 

and 2009). We chose three widespread species of submersed aquatic macrophytes with 

contrasted ecological strategies (Potamogeton perfoliatus, Potamogeton pectinatus and 

Myriophyllum spicatum) in order to study the outcome of plant -plant interactions at five 

levels of grazing pressure.   

 

Material and Methods 

Study site and target species 

The experiment was located at the Limnological Institute, University of Constance, 

Germany (Constance, 47°39’48N, 9°10’31E, and elevation 443m asl). The climate is northern 

temperate. Mean monthly water temperatures in upper water layers range between 4.5°C in 

February and 18°C in August in Lake Constance (Straile and Adrian 2000). The plant 

growing season starts in early May, and finishes at the end of September. 
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Submersed aquatic macrophytes are known to be a morphologically and functionally 

diverse group of species, for example in their use of space and resources in soil and water 

(Engelhardt and Richie 2002). We chose three species of submersed aquatic macrophytes: 

Potamogeton perfoliatus L., Potamogeton pectinatus L. and Myriophyllum spicatum for this 

study that are widely distributed in northern hemisphere with different types of morphology 

and defence strategies (Gross et al 2002). All of these species can grow in monospecific zones 

or in mixed stands. P. perfoliatus is a fast growing species producing dense canopies (Wolfer 

and Straile 2004) with high nutrient content and sensitivity to the herbivory of A. 

ephemerella, an herbivorous moth (Gross et al. 2001, 2002, Miler and Straile 2010) resulting 

in a high productivity to compensate the loss of biomass (Sheldon 1987). P. perfoliatus is a 

dominant macrophyte species in many lakes including Lake Constance (Scheffer 1992, 

Lehmann et al. 1997, Schmieder 1997, Wolfer and Straile 2004, Sandsten and Klaassen 

2008).  

To measure the competitive or facilitative effect of P. perfoliatus under grazing 

disturbance, we selected P. perfoliatus (to test intra-specific interactions) and M. spicatum and 

P. pectinatus (to test inter-specific interactions). P. pectinatus has filiform leaf morphology, 

produces a high root biomass, a high root-to-shoot ratio and is deeply rooted in the sediment 

(Engelhardt and Richie 2002) and is also highly sensitive to grazing pressure of A. 

ephemerella (Gross et al. 2001, 2002). M. spicatum is a competitive species occurring in a 

large range of freshwater ecosystems in the northern hemisphere (Gross et al. 2001) 

producing secondary elements for defence (Gross et al. 1996, Smolders et al. 2000) which can 

affect species of Lepidoptera such as A. ephemerella (Gross et al. 2001). 

Acentria ephemerella is an herbivorous aquatic moth which occurs on a wide range of 

freshwater ecosystem of the Northern hemisphere (Gross et al 2001). Its larval stage is 

considered as the major herbivore of macrophyte communities in Lake Constance (Miler and 
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Straile 2010). Acentria’s populations can strongly vary over the growing season (up to 50 

individuals per gram of plant dry mass) in Lake Constance (Miler 2008).  

Matrix construction and experimental design 

Matrix construction - To test the competitive or facilitative effect of P. perfoliatus 

under grazing disturbance, mono-specific stands (henceforth matrices) were established. We 

planted apical stems of established plants rather than seeds because the percentage of seed 

germination is generally low in perennial submersed aquatic plants (Sculthorpe 1967). Apical 

stems were collected in early May 2008 and 2009. Six apical stems of similar size (20cm 

long) were randomly selected and planted in a regular pattern in 40×90×35cm pots (90 L). 

This density corresponds to a shoot density observed at the beginning of the growing season 

in Lake Constance (Wolfer and Straile 2004).  Bare soil pots were also installed at this time in 

order to test the performance of isolated target species. All of the pots were independent from 

each others and were filled with natural unsterilized sediment from Lake Constance. To test 

the grazing impact of A. ephemerella on the competitive or facilitative effect of P. perfoliatus, 

we performed a grazing disturbance gradient using five levels of grazing (0, 1, 5, 10 and 20 

individuals per gram plant dry mass (ind. g-1 dm) corresponding to the variability in 

populations observed in the field (Miler 2008). A. ephemerella pupae were sampled from 

different upper Lake Constance macrophyte patches in late June 2008 and 2009 in order to 

produce a first generation of larvae. The larvae were introduced in July 2008 and 2009 in all 

plots according to the grazing gradient. In late July 2008 and 2009, all the adults hatched and 

were caught in order to prevent reproduction. A second generation was introduced in early 

August in a similar way in order to mimic two generations of herbivores. Pots were 

surmounted by plastic foils (transparent Tricoron; RKW AG Rheinische Kunststoffwerke, 

Wasserburg, Germany) in order to isolate both the sediment, water column and plants. In 

total, 15 matrices of P. perfoliatus were planted and 15 pots with only bare soil were prepared 

for the experiment and repeated in 2008 and 2009. Matrices were placed in an outdoor 
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mesocosm (mesocosm size: length = 10.5 m, width = 5 m, height = 1.5 m) filled with water 

from Lake Constance and were grown for 1.5 months as they achieved sufficient biomass to 

mimic the biomass of P. perfoliatus under field conditions.  

The experimental design – A mesocosm experiment using a full-factorial design was 

conducted over one growing season and repeated for two years (from June 10th to September 

21st 2008: 104 days and from June 15th to September 21st 2009: 99 days). Target species 

responses (P. perfoliatus, P. pectinatus and M. spicatum) to P. perfoliatus competition or 

facilitation (with or without neighbors), to grazing pressure (from 0 to 20 ind. g-1 plant dry 

mass) and their interactions were tested, using three replicates per combination of treatment 

each year.  

Before planting, shoots of each target species were cut back to 5-cm in height. Target 

species (one tiller per species) were planted either within the matrices (with neighbors) or in 

the centre of the bare soil pots (without neighbor). We assume that during the experiment, 

interactions among the individuals from the three target species that were transplanted inside 

the matrices were negligible due to their small biomass as compared to dense P. perfoliatus 

constituting the matrices themselves.  

In total, 180 individuals of target species were planted [(3 species cultivated without 

neighbors × 5 levels of grazing pressure × 3 replicates × 2 years) + (3 species cultivated with 

neighbors × 5 levels of grazing pressure × 3 replicates × 2 years)].  

   

Measurements and data analysis 

Survival and biomass of target species were recorded late September 2008 and 2009. 

Plants were harvested and biomasses were determined by drying them at 70°C for 72h before 

weighing.   
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Survival and biomasses of targets species were used to assess individual responses to 

grazing disturbance and neighbor presence treatments for both the years. Survival and 

biomasses data were analyzed using logistic regression models and GLM models respectively, 

with year, species and neighbor presence as main factors and grazing pressure as a continuous 

variable. Additionally, we included in statistical models a grazing2 variable to allow for non-

linear responses of survival and biomasses along grazing disturbance gradients. We 

performed an additional statistical analysis at low levels of grazing in order to test significant 

effects of neighboring treatment (i.e. the occurrence of competition) and possible effects of 

released competition. Biomasses were log-transformed before analyses. We first examined the 

full models including all higher orders interactions and subsequently removed the non-

significant interactions. All analyses were performed using R software (version 2.8.1). 

 

Results 

Survival responses of target species 

Grazing significantly decreased the overall survival of the three target species (Table 

1, Fig 1a) (see original data in Appendix S1 and the variations in lnRR neighbors in Appendix 

S3a) but the responses to grazing were species-specific. M. spicatum was least affected by 

increased grazing pressure whereas P. perfoliatus experienced a strong decline in survival. 

The effects of grazing on the survival of the three target species were mediated by the 

presence of neighbors (P < 0.001, Table 1). However, the overall neighbor effect was higher 

in 2009 than 2008. In presence of neighbors, grazing disturbance had an overall non-linear 

influence on survival as expressed by the significant interaction between neighbor and 

grazing2. Without grazing, the presence of neighbours decreased the survival of the three 

target species, indicating competition (Table 2, Fig 1b and Appendix S3a: left part). 

Competition did not differ between the three target species (no significant species effect and 
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interaction with other factors). When grazing pressure increased, the survivals of the three 

target species in presence of neighbors were significantly ameliorated (grazing x neighbor: P 

= 0.009) illustrating the occurrence of released competition. Indirect facilitation peaked at 

intermediate level of grazing pressure, i.e. all the target species had a higher survival with 

neighbors than without (in particular for P. perfoliatus and P. pectinatus) (Table 1, Fig 1a and 

Appendix S3a: intermediate and right parts). This shift in survival mediated by neighbors 

along grazing disturbance gradient was similar among target species as no significant 

interaction between species, grazing and neighbor was detected. Finally, at high level of 

grazing, the survival of the three target species was also higher in presence of neighbors but 

the benefits of neighbor presence on survival strongly declined 

 

 

 

Figure 1 Predicted survival responses of the three target species (P. perfoliatus in red, P. pectinatus in blue, M. 

spicatum in black) along (a) the full grazing pressure gradient and (b) at low level of grazing disturbance.  

Continuous lines represent the survival without neighbor and dotted lines the survival with neighbors. 

Predictions are based on our logistic regression models in table 1 and 2. Standard errors of predictions are 

omitted to increase clarity of the figure, but are shown in appendix S1. 
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Biomass responses of target species 

Grazing pressure negatively affected linearly the biomass of the three target species 

(Table 3, Fig. 2) (see also original data in Appendix S2 and the variations in lnRR neighbors in 

Appendix S3b). As we observed for the survival, M. spicatum was least affected by grazing 

disturbance, P. pectinatus intermediately responded and P. perfoliatus was the most grazed 

species. The presence of neighbours mediated the impact of grazing (Table 3). At low level of 

grazing, the presence of neighbors decreased the biomass of the three target species, 

indicating competition (Fig 2 and Appendix S3b: left part). Conversely, all the target species 

benefited from the neighbor treatment with increased grazing disturbance. We also detected a 

global year effect as the biomasses of target species were higher in 2009 (data not shown). 

 

 

Figure 2 Predicted biomass responses of the three target species (P. perfoliatus in red, P. pectinatus in blue, M. 

spicatum in black) along the full grazing pressure gradient. Continuous lines represent the survival without 

neighbor and dotted lines the survival with neighbors. Predictions are based on our ANOVA model in table 3. 

Standard errors of predictions are omitted to increase clarity of the figure, but are shown in appendix S2. 
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Discussion 

By providing a large grazing disturbance gradient with several levels, we showed the 

occurrence of the full range of outcomes in plant-plant interactions along a grazing 

disturbance gradient. Released competition and increased protecting effects of neighbouring 

plants led to a shift from competition to indirect facilitation as proposed by Bertness and 

Callaway (1994). Declined protecting effects of neighbouring plants resulted in a collapse of 

indirect facilitation at high level of grazing pressure as shown in other recent studies (Brooker 

et al. 2006, Smit et al. 2007, Graff et al. 2007, Levenbach 2009). Our study provides the first 

experimental evidence of indirect facilitation driving submersed macrophyte communities in 

freshwater ecosystems. The effects of grazing disturbance on plant-plant interactions remain 

poorly studied as compared to the effects of abiotic factors in terrestrial ecosystems (Baraza et 

al. 2006, Smit et al. 2007, 2009) and mainly concern changes in plant competition in 

freshwater ecosystems (Rees & Brown 1992; Rant 2003; Center et al. 2005).  

 

 

 

 

 Table 1 Results of the logistic 

regression model for the effects of 

species, grazing, neighbouring, 

grazing², year and their significant 

interactions on the survival of 

target species. Please note that all 

higher orders of non-significant 

interactions were subsequently 

removed. 
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Individual responses to grazing disturbance. 

The three target species responded differently to grazing disturbance of A. ephemerella 

without neighbors for both the survival and biomass in our mesocosm experiment. The 

species-specific responses of the three target species to grazing are likely due to their 

difference in morphology and defence strategies (Engelhardt and Richie 2002, Gross et al. 

2002). M. spicatum was the most grazing-tolerant species, P. pectinatus was intermediate 

grazing-tolerant and P. perfoliatus was the most intolerant for both the survival and biomass 

variables. M. spicatum is known to be an adapted species to grazing pressure by producing 

secondary elements for defence (Gross et al. 1996, Smolders et al. 2000) which can especially 

affect species of Lepidoptera such as A. ephemerella (Dominy et al. 1998, Gross et al. 2002, 

Choi et al. 2002). Conversely P. pectinatus and P. perfoliatus are species which are strongly 

affected by the herbivory of A. ephemerella (Gross et al. 2001, 2002). The intermediate 

response of P. pectinatus could be related to its filiform leaf morphology (Engelhardt and 

Richie 2002), conferring an advantage against herbivory compared to P. perfoliatus. Finally, 

the low observed grazing tolerance of P. perfoliatus is non-surprising because of its high 

palatability due to high nutrient content (Miler and Straile 2010).  

 

Relationship between plant-plant interactions and grazing disturbance in freshwater 

ecosystems. 

Our results showed that the presence of neighbors mediated the impact of grazing 

disturbance on target species performances (both for the survival and biomass) and led to the 

occurrence of indirect facilitation in intermediate disturbed conditions. The presence of 

neighbors generally buffered the grazing pressure in a non-linear way for survival (Fig 1a) 

and in a linear way for biomass (Fig 2). According to previous conceptual models (Bertness 

and Callaway 1994, Brooker and Callaghan 1998, Bruno et al. 2003), we observed a shift 

from competition to indirect facilitation among submersed aquatic plants from low to 
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intermediate level of grazing disturbance. At very low level of grazing pressure (or no grazing 

pressure), survival and biomasses of the three target species were always higher when 

growing without neighbor, underlying the occurrence of competition among submersed 

aquatic plants. Competition among macrophyte species has already been reported to occur and 

is usually strong (McCreary 1991, Gopal and Goel 1993). With increased grazing pressure, 

the presence of neighbors maintained the performances (i.e. survival and biomass) of all the 

target species while performances were collapsing without neighbors underlying the 

occurrence of indirect facilitation within these communities. Increased grazing pressure from 

intermediate to high disturbance led to a declined survival of the target species in presence of 

neighbors, i.e. a collapse in indirect facilitation. Such a pattern of declined indirect facilitation 

has been recently reported in terrestrial (Brooker et al. 2006, Smit et al. 2007, Graff et al 

2007, Vandenberghe et al. 2008) and marine ecosystems (Levenbach 2009).  

 

 

 

Our results demonstrate the importance of using large gradients with several levels of 

the manipulated factors in order to detect the full range of variations in plant-plant 

interactions (i.e. the shift from competition to facilitation and a collapse at high level of 

constraint). Brooker et al. (2008) stressed the need to move beyond the clear limitations of 

previous two-level experimental studies in order to clarify the relationship between plant-

Table 2 Results of the logistic 

regression model for the effects of 

species, grazing, neighbouring, year 

and their significant interactions on the 

survival of target species at low level of 

grazing disturbance. Please note that 

higher order interactions have been 

subsequently removed when non-

significant (p > 0.05). 
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plant interactions and gradients of constraints. Although two-level experimental studies 

provided suitable advances for community ecology theories, they also brought important 

debates on such a relationship, particularly along environmental severity gradients (Maestre et 

al. 2005, Lortie and Callaway 2006, Brooker et al. 2008, Maestre and Callaway 2009). 

Additionally, we detected a collapse in indirect facilitation for survival whereas we only 

observed a shift from competition to facilitation for biomass. Such a result supports the 

evidence that the selection of the estimator of plant performance has a strong influence on the 

net outcome of plant-plant interactions (Maestre et al. 2005) and that there is no reason to 

expect different aspects of plant performance to respond in a similar way regarding 

facilitation and competition (Goldberg et al. 1999, 2001; Hastwell & Facelli 2003). 

 

Released competition and protecting effects of neighbouring plants shape the outcome of 

plant-plant interactions 

Both the released competition and protecting effects of neighbouring plants are 

assumed to shape the outcome of plant-plant interactions along grazing disturbance gradients 

(Bertness and Callaway 1994). Our results illustrate for survival the co-occurrence of both 

these mechanisms as shaping the net outcome of plant-plant interactions (Fig 1). Survival of 

the three target species with neighbors benefited from increased grazing pressure whereas 

survivals without neighbors remained stable (or experienced slight decreases) (Fig 1b). This 

enhancement with neighbors was likely due to alleviation of neighbor competitive effects 

(Grubb 1977; Knapp et al. 1999, Eskelinen & Virtanen 2005), which may be important under 

productive conditions where herbivores can decrease light competition by tall, dominant plant 

species (Grime 1973, Connell 1978). With increasing grazing pressure from low to 

intermediate level, survivals of the three target species without neighbors dropped 

dramatically whereas the presence of neighbors maintained high survival (Fig 1a). As already 

reported (Atsatt and O’Dowd 1976, Bertness and Callaway 1994, Callaway 1995, Milchunas 
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& Noy-Meir 2002), we observed an increased protecting effect of neighbors preventing the 

negative effects of grazing disturbance. Finally, survival with neighbors also collapsed under 

intense herbivory pressure because of the decreased positive effects of neighbors. Facilitation 

has been reported to collapse under harsh constraints in part due to declined benefactor effects 

along abiotic (Michalet et al. 2006) and grazing gradients (Graff et al. 2007, Smit et al. 2009). 

Although we observed the co-occurrence of both, released competition and protecting effect 

of neighbor shaping the outcome of plant-plant interactions, it is not possible to disentangle 

these relative importance of these two mechanisms along our grazing pressure gradient. It is 

likely that they co-occur on the full grazing gradient with a stronger importance of released 

competition in productive environments and protecting effect under harsher conditions 

(Michalet et al. 2006).  

In our study, the most grazing-intolerant species (P. perfoliatus) was used as the 

neighbor because of its strong dominance in freshwater ecosystems (Scheffer 1992, Lehmann 

et al. 1997, Schmieder 1997 Wolfer and Straile 2004, Sandsten and Klaassen 2008). The 

observed benefits of neighbor plants on target species suggest the occurrence of indirect 

facilitation by associational avoidance (sensu Milchunas and Noy-Meir 2002) and confirm the 

“Attractant - Decoy Hypothesis” proposing that highly palatable plants may divert herbivores 

away from the less preferred plants (Atsatt and O’Dowd 1976). In such a way, the indirect 

positive interactions are likely to depend on the density of surrounding neighbors (crowding 

effect) (Karban et al. 1989). However, recent studies also reported that the degree of 

protection offered by neighbor species declines with their increased palatability (Rousset and 

Lepart 2000, Baraza et al. 2006). When the neighbor is palatable, the result of the association 

can shift to greater consumption or damage of the plant species growing nearby (Callaway 

1992, Baraza et al. 2006, Caccia et al. 2009) generically termed “apparent competition” 

(Connell 1990). In our case, we did not focus on the foraging herbivore decision by 

manipulating the plant palatability. Thus, it remains unclear on how it may have shaped the 
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outcome of plant-plant interactions when using a grazing-tolerant species such as M. spicatum 

as neighbor. Such an unpalatable species may have a stronger protecting effect (sensu Baraza 

et al. 2006) or may even exacerbate the net outcome of competition. Further experiments 

using large grazing disturbance gradients need to be performed on the field in order to 

understand how foraging herbivore decision may shape the outcome of plant interactions. 

 

 

 

Conclusion 

To conclude, this study experimentally demonstrates the importance of lengths of 

gradients in order to observe the full variations in outcome of plant-plant interactions along a 

grazing disturbance gradient. By providing a large gradient, we also underline the effects of 

mechanisms such as released competition and protecting effect to shape the outcomes. 

Finally, our study suggests that we may not only consider competitive interactions as drivers 

of aquatic plant communities as previously assumed and a stronger focus of positive 

interactions may be of relevance in order to improve our knowledge on community ecology 

theories.  

 

Table 3 Results of the ANOVA 

model for the effects of species, 

grazing, neighbouring, grazing², 

year and their significant 

interactions on the biomass of 

target species. Please note that all 

higher orders of non-significant 

interactions were subsequently 

removed. 
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Appendix S1 Original data of survival responses without (dots) and with neighbors (triangles) of the three target 

species (M. spicatum: black; P. pectinatus: blue; P. perfoliatus: red). Means are represented by lines (without 

neighbors) and dashed lines (with neighbors), coloured areas represent standard errors. 
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Appendix S2 Original data of biomass responses without (dots) and with neighbors (triangles) of the three target 

species (M. spicatum: black; P. pectinatus: blue; P. perfoliatus: red). Means are represented by lines (without 

neighbors) and dashed lines (with neighbors), coloured areas represent standard errors. 
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Appendix S3 Graphical representations of results for survival (a) and biomass (b) of the three target species (M. 

spicatum: black; P. pectinatus: blue; P. perfoliatus: red) with increased grazing pressure using the natural-log 

transformed response ratio (lnRR neighbors) as recommended by Hedges et al. (1999): 

 

                          Target performances with P. perfoliatus matrix 
lnRR neighbors =        ln                    —————————————————— 

                  Average of target performances without P. perfoliatus matrix 
 
 

Values of lnRR neighbors are symmetrical around 0; positive values indicate facilitation and negative values 

indicate competition. 

Means are represented by lines, coloured areas represent standard errors. 
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Chapter IV 

 

Positive interactions among plants in freshwater ecosystems: roles 

in maintaining ecosystem stabilities under eutrophication. 

 

YOANN LE BAGOUSSE-PINGUET, PIERRE LIANCOURT, NICOLAS GROSS AND DIETMAR STRAILE 

 

 

Abstract 

The aim of this paper is to experimentally address the importance of facilitation in regulating 

the performances of aquatic plants and regime shifts under increased eutrophication. We 

predicted that plant neighbours (i) buffer eutrophication by strongly affecting environmental 

conditions in the water column, (ii) positively affect both the growth and the survival of target 

species, and (iii) these responses depend on the tolerance of target species to light attenuation 

by phytoplankton. We manipulated the presence of neighbour plants and fertilization in a 

mesocosm experiment to mimic eutrophication. Fertilization led to a shift in alternative states 

by increasing phytoplankton content and light interception. The presence of neighbour plants 

buffered this shift and led to the occurrence of indirect facilitation among aquatic plants. 

Indirect facilitation may prevent the decline in species richness under eutrophication by 

buffering the competitive exclusion among aquatic plants and may prevent the shift in 

alternative states. 

Key-words: alternative stable states, eutrophication, facilitation, freshwater ecosystems, 

regime shifts, aquatic plant communities. 
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Introduction 

Global nutrient enrichment in terrestrial and aquatic ecosystems is one of the most 

important threats to biodiversity (Thomas et al. 2004, Suding et al. 2005, Hillebrand et al. 

2007). Major ecological changes subsequent to nutrient enrichment (nitrogen and / or 

phosphorus) can be observed in terrestrial and freshwater ecosystems globally (Schindler 

1977, Carpenter 2005). The consequence of eutrophication in shallow freshwater systems, i.e. 

a decrease in water clarity and macrophyte diversity, is not a linear function of their nutrient 

status (Scheffer 1993). Rather, at a given nutrient status, two strikingly different alternative 

states can occur: the first is a clear water state with high biodiversity and dominated by 

aquatic plants (submersed macrophytes), and the second is a more turbid state dominated by 

suspended phytoplankton (Scheffer et al. 1993, Jeppesen et al. 1997, Scheffer et al. 1997). 

Diversity of submersed macrophyte communities in a turbid state is strongly reduced (James 

et al. 2005, Sand-Jensen et al. 2008) due to growth inhibition by low light availability 

(Falkowski and Raven 2007). A shift in ecological states, from a clear water to a turbid (a 

regime shift), can be gradual or abrupt and sometimes catastrophic (Scheffer et al. 2001, 

2003).  Despite the importance of these alternative states in mediating ecosystem function and 

services (Smith 2003, Carpenter 2005), little is known about the mechanisms that underline 

the thresholds of regime shifts, i.e. the maximum nutrient loading that can be supported before 

shifting from clear to turbid water state (Smith and Schindler 2009). A better understanding of 

these mechanisms should help us understand when and where ecological thresholds will be 

surpassed, increasing our ability to manage freshwater ecosystems in the context of 

eutrophication (Smith and Schindler 2009). 

Submerged macrophytes are proposed as key elements in the functioning of shallow 

lakes. They promote clear water conditions in temperate lakes (Scheffer et al. 1993, Jeppesen 

et al. 1997, Scheffer et al. 1997) through considerable nutrient uptake from the water column 

(Meijer et al. 1994) and stabilising phytoplankton demography (Scheffer et al. 1993). 
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Competition for nutrients among macrophyte species is strong, resulting in local dominance 

of one or a few species (McCreary 1991, Gopal and Goel 1993). In addition, eutrophication 

increases competition intensity among macrophytes (Barrat-Segretain and Elger 2004; 

Angelstein et al. 2009) resulting in decreased species richness (Riis and Sand-Jensen 2001; 

Sand-Jensen et al. 2008, but see Hillebrand et al. 2007). However, the maintenance of diverse 

macrophyte communities and clear water states in this bi-stable system with increasing 

nutrient availability may imply that the indirect positive interactions among submersed 

macrophytes compensate their direct negative interactions by competing with the suspended 

phytoplankton and by increasing light availability (Fig. 1). Positive interactions (i.e. 

facilitation) among plants have been studied in a wide range of ecosystems (see Callaway 

2007 and Brooker et al. 2008 for reviews) and have been shown to be a key process for 

community structure and ecosystem function (Gross et al. 2010, Maestre et al. 2009). 

Although positive interactions have been suggested to control macrophyte communities 

(Scheffer et al. 1993, Scheffer and Carpenter 2003), there is, to the best of our knowledge, no 

experimental evidence demonstrating the role of facilitation in stabilising macrophyte 

dominated clear water states with increasing eutrophication. 

Threshold and stability of the two alternative states vary among lakes (Zimmer et al. 

2009) and may depend on the intensity and the importance of the effects of macrophytes on 

the water clarity (Fig 1), i.e. on local macrophyte diversity, the ability of macrophytes to 

compete for nutrients with the phytoplankton and macrophyte tolerance to shade induced by 

both their neighbours and phytoplankton. In addition, because macrophytes are likely to differ 

in their shade tolerance, their responses to indirect positive interactions should be species 

specific. Indeed, recent studies have shown for terrestrial plants that the outcome of plant-

plant interactions (direction and intensity) depends on species’ specific tolerances (Liancourt 

et al. 2005, Maestre et al. 2009). Within a community, only species which are highly deviated 

from their physiological optima are likely to be strongly facilitated (Gross et al. 2010). 
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Applying this relationship between deviation and facilitation to freshwater ecosystems in a 

context of increased eutrophication implies that the most intolerant species to light attenuation 

by phytoplankton are likely to be the most facilitated by the indirect positive effect of 

macrophyte on light availability.  

 

Figure 1 Indirect positive feed-backs (indirect facilitation) promote the clear water state: Macrophytes decrease 

the nutrient content in the water column (nutrient mediated interaction). This leads to a decreased phytoplankton 

concentration and competitive interaction for light between phytoplankton and macrophyte species (light 

mediated interaction). As such, macrophyte species have an indirect positive effect (facilitation) on other species 

by increasing light availability in the water column. Direct interactions are black arrows; the indirect interaction 

is symbolized by a grey arrow. 

 

 In this paper, we aim to experimentally address the role of facilitation as a key 

regulatory factor for submerged macrophyte communities and alternative states in freshwater 

lakes (clear water state vs. turbid state). In light of the well-substantiated role of positive 

interactions for maintenance of diversity under global change in terrestrial ecosystems (see 

Brooker et al. 2008 for review), increased facilitation among submerged macrophytes may 

occur in freshwater lakes with eutrophication. We predicted that the presence of plant 
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neighbours (benefactor species) (i) buffer eutrophication by strongly affecting the 

environmental conditions in the water column (phytoplankton content, light availability), (ii) 

positively affects both the growth and the survival of target species (beneficiary species) and 

(iii) these responses depend on their tolerance to light attenuation by phytoplankton. To test 

these hypotheses, we ran a mesocosm experiment for two summers (2008 and 2009). We 

chose three widespread species of submersed aquatic macrophytes (Potamogeton perfoliatus, 

Potamogeton pectinatus and Myriophyllum spicatum) in order to study the outcome of plant - 

plant interactions at two levels of fertilization (to mimic low and high level of eutrophication).   

 

Material and Methods 

Study site and target species 

The experiment was located at the Limnological Institute, University of Konstanz, 

Germany (Konstanz, 47°39’48N, 9°10’31E, and elevation 443m asl). The climate is northern 

temperate. Mean monthly surface water temperatures range between 4.5°C in February and 

18°C in August in Lake Constance (Straile & Adrian 2000). The plant growing season starts 

in early May, and finishes at the end of September. 

Submersed aquatic macrophytes are known to be a morphologically and functionally 

diverse group of species, for example, in their use of space and resources in soil and water 

(Engelhardt and Richie 2002). The three submersed aquatic macrophytes: Potamogeton 

perfoliatus L., Potamogeton pectinatus L. and Myriophyllum spicatum chosen as target 

species for this study are widely distributed and co-occur in the northern hemisphere but are 

morphologically different, which allows them to access and use resources in different ways. 

All three species can grow in monospecific zones or in mixed stands. P. perfoliatus is a fast 

growing species producing dense canopies (Wolfer and Straile 2004), occurs in a wide range 

of eutrophic conditions (Lehmann and Lachavanne 1999) and is a dominant species in many 

lakes including Lake Constance (Scheffer et al. 1992, Schmieder 1997). Because of its 
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production of dense canopies, dominance and tolerance to eutrophication, this species is 

expected to strongly interact with the phytoplankton in the water column and to have indirect 

effects on other macrophyte species.  

To measure the competitive or facilitative neighbouring effect of P. perfoliatus under 

eutrophication, we used P. perfoliatus to test intra-specific interactions and M. spicatum and 

P. pectinatus to test inter-specific interactions. These two species can persist in nutrient-rich 

lakes (Riis and Sand-Jensen 2001, James et al. 2005). P. pectinatus has filiform leaf 

morphology and is considered to be a competitive species for nutrient uptake from the 

sediment (Engelhardt and Richie 2002). M. spicatum is a competitive species with rapid 

vegetative reproduction (Smith and Barko 1990) occurring in a large range of freshwater 

ecosystems in the northern hemisphere and is an invasive exotic species that is currently a 

major nuisance in many lakes throughout North America (Chambers 1993).  

 

Matrix construction and experimental design 

Matrix construction - To test the competitive or facilitative effect of P. perfoliatus 

under eutrophication, mono-specific stands (henceforth matrices) were established. We 

planted apical stems of established plants rather than seeds (Engelhardt and Richie 2002) 

because the percentage of seed germination is generally low in perennial submersed aquatic 

plants (Sculthorpe 1967). We planted six 20cm long apical stems corresponding to the shoot 

density observed at the start of the growing season in Lake Constance (Wolfer and Straile 

2004). Apical stems were collected in early May 2008 and 2009 and were randomly selected 

and planted in a regular pattern in 40×90×35cm pots (90 L). Bare soil pots were also installed 

at this time in order to test the performance of isolated target species. All pots were 

independent from each other and were filled with natural unsterilized sediment from Lake 

Constance. Each year, half of the pots were fertilized by adding one 400-g dose of 

commercial tree and shrub slow-release fertilizer (15% N, 8% P, 14% K, 2% Mg: Compo), 
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which mimicked high levels of nutrient fertility as used by Cronin and Lodge (2003). Pots 

were surmounted by plastic foils (transparent Tricoron; RKW AG Rheinische 

Kunststoffwerke, Wasserburg, Germany) in order to isolate both the sediment, water column 

and plants. In total, 6 matrices of P. perfoliatus were planted and 6 pots with only bare soil 

were prepared for the experiment and repeated in 2008 and 2009. Matrices were placed in an 

outdoor mesocosm (mesocosm size: length = 10.5 m, width = 5 m, height = 1.5 m) filled with 

water from Lake Constance and were grown for 1.5 months in order to achieve sufficient 

biomass to mimic the biomass of P. perfoliatus under field conditions.  

The experimental design – A mesocosm experiment using a full-factorial design was 

conducted over one growing season and repeated for two years (from June 10th to September 

21st 2008: 104 days and from June 15th to September 21st 2009: 99 days). Target species 

responses (P. perfoliatus, P. pectinatus and M. spicatum) to P. perfoliatus competition or 

facilitation (with or without neighbours), to fertilization (low and high availability of 

nutrients) and their interactions were tested, using six replicates per combination of treatment 

each year.  

Before planting, shoots of each target species were cut back to 5 cm in height. Target 

species (one tiller per species) were planted either within the matrices (with neighbours) or in 

the center of the bare soil pots (without neighbour). We assume that during the experiment, 

interactions among the three target species were negligible due to their small biomass as 

compared to dense P. perfoliatus matrices. In total, 144 individuals of target species were 

planted [(3 species cultivated without neighbours × 2 fertilization levels × 6 replicates × 2 

years) + (3 species cultivated with neighbours × 2 fertilization levels × 6 replicates × 2 

years)].  

 

 



  Chapter IV 

 71 

 

Figure 2 The effects of fertilization and neighbouring treatments on a) phytoplankton content and b) light 

interception (means ± SE) (n = 6). The results are represented for the control (nF/nN), with neighbours (nF/N), 

fertilized without neighbours (F/nN) and fertilized with neighbours (F/N) for 2008 (black rhombus) and 2009 

(empty circle).  

 

Measurements and data analysis 

Light interception within the water column – Light measurements were performed at the end 

of the experiments (September 15th 2008 and September 16th 2009, respectively) within the 

water columns in order to test both the effects of the fertilization, neighbour presence and 

their interaction. We quantified the light interception (LI) in each pot by the following 

relationship: 

LI = [1- (light ground / light  water surface)] × 100. 

All light measurements were performed with a LI-1400 Quantum Sensor (LI-COR®) under 

full sun between 11 a.m. and 2 p.m. for 6 random points per experimental unit.  

Phytoplankton content within the water column –Similarly, we measured Chlorophyll-a 

concentrations within the water columns on September 15th 2008 and September 16th 2009 

with a multichannel fluorescent probe (Fluoroprobe, bbe molderenke, Kiel, Germany). 

Chlorophyll-a concentration is a proxy for phytoplankton content and is considered as one of 
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the most important compounds determining light attenuation in water due to algae (Scheffer 

1998).  

Target responses – Survival and total biomass of target species were recorded late September 

2008 and 2009. Target plants were harvested and their biomasses were determined by drying 

them at 70°C for 72h before weighing. Survival was calculated as a percentage for each 

species per fertilization treatment per year, and biomass was averaged per species, per 

fertilization treatment and per year. 

We also estimated the tolerance of the three target species to light attenuation. 

Increased eutrophication by fertilization application and subsequent phytoplankton 

development may strongly negatively affect the performance (survival and growth) of 

intolerant species to light attenuation, i.e. may deviate their performances compared to their 

maximal growth or survival (deviation by eutrophication). The deviation by eutrophication of 

the three target species was assessed by comparing the performance of target species grown 

without neighbours in the control pots (nF/nN) and the fertilized pots (F/nN) using the natural 

– log transformed response ratio as recommended by Hedges et al. (1999): 

                                            Target performances in the fertilized (F/nN) pots 
Deviation by eutrophication =        ln           —————————————————— 

                                         Average of target performances in the nF/nN pots 
 

Values of deviations by eutrophication are symmetrical around 0; no difference from 0 

indicates that fertilization application had no effect on target performance (tolerant species to 

light attenuation) and negative values indicate that fertilization application had a negative 

effect on target performance (intolerant species to light attenuation). Positive values indicate a 

benefit of the fertilization treatment on target performances.  

The response of the three target species to biotic interactions (competition or 

facilitation), the proportional change in performance (survival or biomass) due to the presence 

of neighbours, was quantified separately for unfertilized and fertilized pots by using the 
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natural-log transformed response ratio (lnRR neighbours) as recommended by Hedges et al. 

(1999): 

 
                          Target performances with P. perfoliatus matrix 

lnRR  neighbours =        ln                    —————————————————— 
                  Average of target performances without P. perfoliatus matrix 
 

Values of lnRR are symmetrical around 0; positive values indicate facilitation and negative 

values indicate competition. 

 Phytoplankton content and light interception were used to assess the environmental 

responses of the water column to fertilization and neighbouring treatments. Phytoplankton 

content and light interception were analyzed using a three way ANOVA with year, neighbour 

(P. perfoliatus matrices) and fertilization as factors. Survival and biomass of target species 

without neighbours were used to assess individual responses to environmental treatment 

(fertilization) for both years. Deviation by eutrophication was used to quantify the species 

tolerance to light attenuation due to eutrophication whereas lnRR neighbour was used to quantify 

responses to biotic interactions. Survival and biomass without neighbours and lnRR neighbour 

for survival and biomass were analyzed using a three-way ANOVA model with year, species 

and fertilization as factors. Deviation by eutrophication was analyzed using a two-way 

ANOVA model with year and species as factors. Phytoplankton content, survival and biomass 

were log-transformed before analyses. One sample t-tests were used to test significant 

differences from 0 for deviation by eutrophication and lnRR neighbour. All analyses were done 

using JMP software 5.0.1 (The SAS Institute, Cary, North Carolina, USA). 

 

Results 

Changes in phytoplankton content and light interception 
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Fertilization strongly increased the phytoplankton content in the water column and light 

interception (Fig. 2). This effect was mediated by the presence of neighbours (significant 

interactions between fertilization x neighbouring, Table 1). The presence of neighbours 

mediated the increase of algae due to fertilization (Fig. 2a) and consequently, also decreased 

the light interception in the fertilized treatment (Fig. 2b). No year effect and interactions with 

fertilization and neighbouring treatment were detected for both the algal content and light 

interception indicating a similar response pattern of the variables for the two consecutive 

years (Table 1). 

 

Survival and biomass without neighbours and deviations to control (deviation by 

eutrophication). 

Fertilization significantly decreased both survival and biomass of our three target species 

without neighbours (Table 2, Fig. 3a, b). These strong negative effects of fertilization were 

also illustrated by a significant deviation by eutrophication for all species (Table 2, Fig. 3c, d). 

Since a species effect was not detected, the three target species were pooled and we tested 

whether the deviation by eutrophication was significantly different from zero using one 

sample t-tests. Deviation by eutrophication was significant for both survival (one sample t-

test: t = - 8.09, P < 0.0001; Fig. 3c) and for biomass (t = -5.72, P = 0.0001; Fig. 3d). There 

was a significant species effect on biomass of target species without neighbours (Table 2). A 

species effect was not detected for survival without neighbours and for the deviation by 

eutrophication. A year effect and interaction with other treatments were detected for survival. 

In contrast, significant interactions between year and species were evident for biomass (Table 

2).  

 

Responses of target species to biotic interactions (lnRR neighbour) for survival and biomass 
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Patterns of responses were similar between the two years as year and interactions with 

fertilization and neighbouring were non-significant. Since neither species nor interaction with 

fertilization was significant, species were pooled and we tested whether lnRR neighbour was 

significantly different from zero with and without fertilization using one sample t-tests. 

Competition was experienced by the three target species in unfertilized conditions (lnRR 

neighbour < 0 for survival, t = -2.58, P = 0.014; Fig. 3e, and biomass, t = -7.76, P < 0.0001; Fig. 

3f). A strongly significant fertilization effect occurred due to an overall increase in lnRR 

neighbour values with fertilization for both survival and biomass of target species (Table 2) 

highlighting that all target species experienced increased facilitation (Fig. 3e, f). In the 

fertilized plots, lnRR neighbour indicated facilitation (positive values) by differing significantly 

from zero for survival (t = 3.24, P = 0.003; Fig. 3e) and for biomass (t = 3.18, P = 0.005; Fig. 

3f).  

 

Discussion 

Our results demonstrated the role of indirect facilitation in maintaining individual 

performance (survival and biomass production) of three macrophyte species with increasing 

eutrophication (fertilization). Our results are consistent with Scheffer et al. (1993) and 

Scheffer and Carpenter (2003) who proposed that “submerged plants can enhance water 

clarity, thus improving the light for their underwater growth”. Despite the recognition of the 

role of facilitative interactions in regulating the success of individuals and shaping 

communities (Hacker and Gaines 1997, Michalet et al. 2006, Brooker et al. 2008), there is 

still limited evidence for facilitative plant interactions mediating ecosystem response under 

environmental change (Maestre et al. 2009). Our study provides not only the first 

experimental example of facilitation driving submersed plant communities in freshwater 

ecosystems, but it also illustrates how facilitation is a key driver that mediates ecosystem 

function and services (Smith 2003, Carpenter 2005). 



Chapter IV 
 

 76 

 

Figure 3 The effects of fertilization on the survival (a) and the biomass (b) without neighbours of the three target 

species (M. spicatum: M. spic., P. pectinatus: P. pect. and P. perfoliatus: P. perf.) (means ± SE) in unfertilized 

(white bars) and fertilized conditions (black bars), the deviation by eutrophication for survival (c) and for 

biomass (d) (green bars) and the lnRR neighbours for survival (e) and for biomass (f) in unfertilized (blue bars) and 

fertilized conditions (red bars) (n = 6). 

 

Fertilization (without macrophyte neighbours) resulted in strong increased 

phytoplankton content (224 ± 31.75 µg.L-1) (Fig. 2a) and light interception (Fig. 2b) leading 

to a shift from clear to heavily eutrophied (eu-hypertrophic) state (Scheffer 1998). Survival 

and biomass of all the target species were strongly affected by the decreased light availability 

(Fig. 3c and 3d). These results are consistent with previous studies showing that an increased 
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nutrient loading can impact submersed plant communities (Riis and Sand-Jensen 2001, James 

et al. 2005, Sand-Jensen et al. 2008) and affect plant growth by decreasing light availability 

due to the growth of phytoplankton (Falkowski and Raven 2007). The presence of 

macrophyte neighbours strongly buffered the increase in phytoplankton content limiting the 

occurrence of a shift in alternative states and led to the occurrence of indirect positive 

interactions in submersed macrophyte communities. Our results demonstrate that indirect 

facilitation promotes the maintenance of plant performance under eutrophication and that it 

can be a driver for aquatic plant communities. Declines in species richness with increasing 

nutrient loading have been reported in terrestrial (e.g. Suding et al. 2005) and aquatic 

ecosystems (Riis and Sand-Jensen 2001, Sand Jensen et al. 2008). These declines in species 

richness are usually attributed to an increase of competitive interactions, i.e. competitive 

exclusion (Barrat-Segretain and Elger 2004, Angelstein 2009). However, Hillebrand et al. 

(2007) found in a meta-analysis across ecosystems that increased fertilization reduced both 

species abundance (evenness) and richness in terrestrial ecosystems but reduced species 

evenness and enhanced species richness in aquatic ecosystems. The occurrence of indirect 

facilitation may explain such an enhancement of species richness under eutrophic condition. 

The net positive outcome of plant-plant interactions (lnRR neighbour) observed in our 

fertilized treatment illustrates that the benefit of increased light conditions (indirect 

facilitation) due to macrophyte neighbours overcomes for the negative effects of increased 

competition between submersed plants. Thus, the indirect facilitation among macrophyte 

species occurring under eutrophication buffers the increased competition (i.e. acting as an 

opposite force) and prevents the decline in species richness due to competitive exclusion. 
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The overall observed increase in inter- (responses of M. spicatum and P. pectinatus) 

and intra-specific (response of P. perfoliatus) positive interactions with increasing stress (light 

attenuation) is in accordance with Bertness and Callaway’s (1994) model predicting increased 

positive interactions with increasing environmental stress or consumer pressure. Species 

responses to plant interactions have been shown to be strongly influenced by their stress-

tolerance abilities (i.e. shade tolerance in our case) (Choler et al. 2001, Liancourt et al. 2005). 

In our study, the three target species were equally deviated by eutrophication in terms of 

biomass and survival. Likewise, they shifted in a similar way from negative to positive 

interactions with eutrophication. These results are consistent with previous studies in 

subalpine (Gross et al. 2010) and species-rich calcareous (Liancourt et al. 2005) grasslands 

which illustrate the relationship between deviation and responses to biotic interactions.  

Figure 4 Conceptual schemes illustrating the 

potential role of indirect positive interactions for 

regulating the thresholds of regime shifts. A) No 

alternative states occur in a hypothetic system not 

driven by indirect facilitation. B) Weak indirect 

positive interactions result in the occurrence of 

two alternative states. C) Increased positive 

interactions delay the occurrence of the threshold 

and the shift to turbid state. Dotted lines represent 

the positions of thresholds along the nutrient 

gradient. Grey double-arrows correspond to the 

effects of facilitation on thresholds. 
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Eutrophication is one of the most visible examples of changes to the biosphere (Smith 

2003). Our study opens a large area of research in order to clarify the potential links between 

facilitation and the thresholds of regime shifts (turbid vs. clear water states). Facilitation is 

known to increase biodiversity (Hacker and Gaines 1997, Michalet et al. 2006, Callaway 

2007) which in turn insures ecosystems against declines in their functioning in a fluctuating 

environment (insurance hypothesis) (Yachi and Loreau 1999). Thus, we may expect that an 

increased facilitation may indirectly stabilize freshwater systems in a clear water state under 

increased eutrophication and thus may modulate the thresholds of regime shifts (Fig 4). 

However, positive interactions among plants are known to collapse in the harshest conditions 

as positive effects of neighbour plants decline (Michalet et al. 2006). The collapse of the 

indirect benefits due to macrophyte neighbours, i.e., improved light conditions, may not 

sufficiently compensate for the negative effects of increased competition among submersed 

macrophytes, potentially resulting in the decline of species richness by competitive exclusion 

(Sand-Jensen et al. 2008, Angelstein 2009). The specific thresholds of regime shifts are likely 

to be a consequence of this collapse of facilitation as also observed in terrestrial ecosystems 

(Holmgren et al. 2001, Kefi et al. 2001, Graff et al. 2007). Furthermore, as species tolerance is 

related to plant functional traits (Suding et al. 2003) and is an important determinant for 

responses to biotic interactions, functional diversity of macrophytes could also impact the 

indirect positive feed-backs and regime shifts. Further empirical research needs to be 

performed in order to understand how species tolerance and functional diversity regulate plant 

interactions in freshwater ecosystems. We particularly advocate manipulating several levels of 

nutrient enrichments and manipulating functional diversity of both benefactor and beneficiary 

macrophytes species to clearly identify the effects of indirect facilitation on thresholds of 

regime shifts. 
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Table 1 Results of the three-way ANOVA model for the effects of year, neighbours, fertilization and their 

interactions on the phytoplankton content (left) and the light interception (right) (n = 48). Significant effects (P < 

0.05) are indicated in bold. 

 

To conclude, this study experimentally demonstrated the occurrence of positive 

interactions among macrophytes by maintaining plant performances under increased 

eutrophication and suggests their important role for driving aquatic plant communities. 

Furthermore, it suggests that positive plant interactions may influence the threshold for 

regime shifts in freshwater ecosystems. Brooker and Callaway (2009) stressed the importance 

of “cross-environment comparisons for developing general models of ecology”. We believe 

that understanding the structure of aquatic plant communities and their drivers such as plant-

plant interactions may improve our knowledge of community ecology. Particularly, 

freshwater ecosystems are interesting systems for linking plant-plant interactions with 

ecosystem dynamics such as the occurrence of regime shifts.  
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Table 2 Results of the three-way ANOVA model for the effects of Year (Y.), Species (Sp.), Fertilization (Fert.) and their interactions on the survival and the biomass of the 

three target species without neighbours (left) and the lnRR neighbours (right) and the results of the two-way ANOVA model for the effects of Year (Y.), Species (Sp.) and their 

interactions on the deviation by eutrophication. Significant effects (P < 0.05) are indicated in bold.



Chapter IV 
 

 82 

Acknowledgements 

This research project was part of the Collaborative Research Center (CRC) no. 454 

“Littoral of Lake Constance” and was financially supported by the Deutsche 

Forschungsgemeinschaft (DFG). We also thank M.A. Harsch, H. Hillebrand and R. Michalet 

for providing interesting comments on the manuscript and E. Gross for providing shoots of M. 

spicatum. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



     

 83 

 

 

 

 

 

 

 

 

 

 

 

 

 



Concluding remarks and future researches 
 

 84 

Concluding remarks and future researches 

• I studied in this thesis the potential role of indirect facilitation as a driver of submersed 

aquatic plant communities and how it mediates the plant performances under variable 

grazing pressures (Chapter II and III ) and eutrophication (Chapter IV ) by using 

mesocosm experiments. These experimental approaches underlined the occurrence of 

general ecological trends (e.g. the occurrence of indirect positive interactions, shifts 

from competition to indirect facilitation, collapse of facilitation under very high 

constraints) in an aquatic ecosystem. By using an approach which is popular in 

terrestrial plant ecology and by transferring it to aquatic plant communities, I got very 

interesting results. Most of the outcomes that we observed have been reported in 

terrestrial ecosystems and valid general models of ecology (e.g. Chapter I) through 

environments. The outcomes of this thesis are the following: 

• Disentangling both biotic and abiotic factors (mainly in terrestrial and marine systems) 

enables us to propose a conceptual model underlining a peak of facilitation related to 

hot-spots of diversity. Such a conceptual framework illustrates how facilitation among 

plants can explain the expansion or extinction of plant communities (e.g. changes in 

ecosystem states such as desertification). However, this review also underlined the 

lacks of experimental evidence for plant interactions in freshwater ecosystems. 

• A strong trophic cascade between sticklebacks as vertebrate predators, A. ephemerella 

as an aquatic herbivorous moth and P. perfoliatus as the primary producer can occur in 

the littoral zone of lakes. Sticklebacks dramatically decreased the larval abundance of 

A. ephemerella leading to an indirect positive effect (indirect facilitation) on the 

performance of macrophyte beds (P. perfoliatus). 

• In freshwater ecosystems, indirect facilitation occurs among macrophyte plants. 

Patterns of positive interactions are observed along both biotic (i.e. grazing pressure) 



Concluding remarks and future researches 

 85 

and abiotic (i.e. eutrophication) gradients. In both cases, we observed a shift from 

competition to facilitation as illustrated in other ecosystems (e.g. marine or terrestrial 

ecosystems). However, the length of gradients for experiments is of primary 

importance in order to observe the full range of variations in plant interactions (Lortie 

and Callaway 2006, Brooker et al. 2008, Maestre and Callaway 2009). A collapse of 

positive interactions due to a declined protecting effect of neighbouring plants can 

only be detected by using large experimental gradients including strong constraints 

(e.g. Chapter III ). Such a collapse may be of primary importance regarding its impact 

on thresholds of regime shifts.  

 

Submersed macrophyte communities as a promising model system for 

studying the effects of plant-interactions on ecosystem states. 

Patches of submerged freshwater macrophytes have an important structuring role in 

lakes (Jeppessen et al 1997) since they influence trophic cascades (Chapter II ), nutrient 

dynamics, sedimentation and resuspension (Barko and James 1998), microbial communities 

(Söndergaard et al. 1998, Wetzel and Söndergaard 1998), carbon dynamics (Wetzel and 

Söndergaard 1998, Wetzel 2001) and shifts in alternative states (Scheffer et al. 1993, 

Jeppessen et al 1997, Scheffer and Carpenter 2003, Chapter IV ). Particularly, their strong 

and rapid impact on shifts in ecological states provides a good study system in order to 

understand the role of plant interactions in maintaining or not the stability of ecosystems. 

Despite the recognition of the role of facilitative interactions in regulating the success of 

individuals and shaping communities (Hacker and Gaines 1997, Michalet et al. 2006, Brooker 

et al. 2008), there is still limited evidence for facilitative plant interactions mediating 

ecosystem response under environmental change (Maestre et al. 2009). Few recent modelling 

(Kefi et al. 2007) and empirical studies (Maestre et al. 2009) described that facilitation among 
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plants can insure the stability of ecosystems; of e.g. arid ecosystems against desertification 

(see also Chapter I). The lack of knowledge on this main issue under global change is likely 

due to the long resilience time of terrestrial ecosystems (Butterfield et al. 2010). Conversely, a 

change in the state of shallow freshwater ecosystems with increased eutrophication can be 

rather fast in time and is more feasible for conducting an experimental approach. I believe that 

submersed aquatic plant communities provide an interesting study system for these relevant 

ecological questions. 

 

Linking facilitation, biotic and abiotic processes and stability of ecosystems 

in freshwater environments. 

Facilitation may be a key-driver for plant communities in terrestrial ecosystems 

(Hacker and Gaines 1997, Liancourt et al. 2005, Michalet et al. 2006, Chapter I) and may 

affect the stability of ecosystems especially under harsh conditions (Holmgren et al. 2001, 

Graff et al 2007, Kefi et al. 2007, Maestre et al. 2009, Chapter IV ). The conceptual 

framework developed in Chapter I illustrates that the interactive effects of constrains may 

modulate the occurrence of collapses in facilitation and, thus, may modulate the shifts in 

states (e.g. desertification). I suggest that interactive constraints may also modulate the 

occurrence of facilitation in freshwater ecosystems. Facilitation occurs under eutrophication 

and may maintain clear water state by promoting the diversity of macrophyte species 

(Chapter IV ). However, indirect facilitation also depends on the level of grazing pressure 

(Chapter III ) and, as a consequence, on the fish predation on the abundance of invertebrates 

(Chapter II ). I propose to adapt the conceptual framework in Chapter I to freshwater 

ecosystems (Fig. 4).  Strong competition for nutrients occurs among macrophytes species in 

oligotrophic and ungrazed systems. Increasing nutrient loading and / or grazing disturbance 
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(related to fish presence) leads to a shift from competition to indirect facilitation resulting in 

increased  

 

 

Figure 4: Adaptation of a conceptual framework (Chapter I) for freshwater ecosystems. Shifts in plant 

interactions occur along both grazing pressure (Chapter II and III ) and eutrophication gradients with a collapse 

at high level of constrains (only experimentally observed in Chapter III ). Nutrient loading and grazing pressure 

may interact and modulate the collapse of facilitation leading to a shift in alternative states. 

 

macrophyte diversity. The highest diversity may occur in meso-eutrophic and intermediately 

disturbed conditions as a consequence of a peak in indirect facilitation. Finally, strong 

eutrophication or grazing pressure results in a collapse of indirect facilitation due to declined 

protecting effects of neighbouring plants. Under eu-hypertrophic conditions, such a collapse is 

responsible for a decline in macrophyte diversity and the occurrence for turbid water state (i.e. 

a shift in alternative states) (Chapter IV ). However, the co-occurrence of grazing disturbance 
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may precipitate the collapse earlier on the gradient and the threshold for regime shift may 

occur at lower level of eutrophication.  

I acknowledge that such an illustration remains speculative. However, it shows the 

central role of macrophyte communities for freshwater ecosystems due to their strong 

connections with other trophic levels and how the understanding of their structure and 

functioning are of primary importance for the management of aquatic ecosystems in a context 

of eutrophication (Smith and Schindler 2009). Moreover, the potential interacting effects of 

eutrophication and grazing disturbance on freshwater communities also brings to up the 

important need of studying several co-occurring factors regarding theories on plant 

interactions (Brooker et al. 2008).    

 

Further directions for research. 

I showed in this thesis the potential effects of trophic cascades, grazing disturbance 

and nutrient loading on the structuring processes (i.e. plant interactions) of submersed plant 

communities. Hence, it opens a large area of research in order to clarify the potential key-

effects of plant interactions for driving plant communities in freshwater ecosystems and how 

they may be key drivers mediating ecosystem function and services (Smith 2003, Carpenter 

2005), particularly under increased eutrophication which is considered as one of the most 

visible examples of changes to the biosphere (Smith 2003) and one of the most important 

threats to biodiversity (Thomas et al. 2004, Suding et al. 2005, Hillebrand et al. 2007). 

The use of a short eutrophication gradient did not allow detecting any collapse in 

facilitation under eu-hypertrophic conditions (Chapter IV ). Using gradients with higher 

resolution, i.e. several levels within a stress factor may confirm the occurrence of such a 

collapse as experimentally demonstrated along both abiotic and biotic gradients in terrestrial 

(Kitzberger et al. 2000, Maestre and Cortina 2004, Maestre et al. 2005, Brooker et al. 2006, 

Anthelme et al. 2007, Graff et al. 2007, Smit et al. 2007, Vandenberghe et al. 2008), marine 
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(Kawai and Tokeshi 2007, Levenbach 2009) and freshwater ecosystems (Chapter III ). I also 

illustrated in Chapter IV  the opposite effect of indirect facilitation to direct competition 

among macrophyte to maintain diverse macrophyte communities with increased nutrient 

loading as reported by Hillebrand et al. (2007). Such a result illustrates the potential role of 

indirect facilitation for governing the thresholds of regime shifts. Disentangling these two 

opposite forces of indirect facilitation and competition may clarify how they interact to 

control submersed plant diversity an eutrophication gradient and how they drive the 

thresholds of alternative stable states.     

The plant community literature mainly focuses on responses of plant interactions to 

environmental constraints by manipulating the beneficiary species. However, Brooker et al. 

(2008) also stressed the importance to focus on neighbouring effects. Particularly, an 

interesting experiment would consist in the use of several macrophyte species with 

contrasting effects on nutrient uptakes as neighbour plants and growing alone or in mixture 

(increased diversity of neighbours). The increase in diversity may efficiently out-compete the 

phytoplankton and stabilize the system in a clear water state (Engelhardt and Richie 2001, 

2002). As a result, indirect facilitation among macrophyte plants may increase with increased 

diversity of neighbouring plants. 

Ultimately, I advocate for a deeper focus on the potential links between indirect 

facilitation, nutrient enrichments, grazing pressure and the thresholds of regime shifts. An 

experimental test of the effects of differences in the intensity of indirect facilitation on shifts 

in alternative states (see Fig 4, Chapter IV) should be an important step for future theoretical 

developments. Manipulating of intensity of both, indirect facilitation (see above) and 

fertilisation (in order to mimic eutrophication) may show when and where ecological 

thresholds of regime shifts will be surpassed. Finally, such an experiment may integrate other 

factors such as grazing disturbance in order to focus on how their interacting effects with 

nutrient enrichments affect the occurrence for ecological thresholds. 
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Zusammenfassung 

 

Untersuchungen zu Interaktionen zwischen Pflanzen sind fundamental wichtig für das 

Verständnis der Prozesse, die die Struktur und Funktion von Pflanzengemeinschaften und 

Ökosystemen steuern. Das Auftreten von positiven Interaktionen („Facilitation“) sowie der 

Einfluss, den die Antwort der Pflanzengemeinschaft auf Veränderungen in der Umwelt haben 

ist aus terrestrischen und marinen Ökosystemen bekannt, allerdings ist nur wenig darüber 

bekannt, wie sie submerse Pflanzengemeinschaften (Makrophyten) steuern. Aufgrund ihrer 

strukturierenden Funktion in Süßwasser-Ökosystemen (z.B. bei der Sedimentation, der 

Nährstoffdynamik oder der Stabilität von eutrophierten Ökosystemen) ist das Verständnis, 

wie positive Interaktionen diese Gemeinschaften beeinflussen von grundlegender Bedeutung. 

In meiner Dissertation untersuchte ich als erstes im Rahmen eines Review-Artikels das 

Zusammenspiel von direkten und indirekten positiven Interaktionen entlang von Umwelt- und 

Grazing-Gradienten bzw. auf die Struktur und Stabilität von Pflanzengemeinschaften in vielen 

verschiedenen Ökosystemen. Im Folgenden untersuchte ich experimentell die Funktion von 

indirekten positiven Interaktionen als ein potentieller Mechanismus zur Regulierung von 

Makrophyten-Gemeinschaften in drei verschiedenen Zusammenhängen: Ich konzentrierte 

mich auf 1) den potentiellen indirekten positiven Effekt von Fischen auf Makrophyten durch 

Verminderung der Herbivoren (indirekte positive Interaktion über zwei trophische Ebenen), 

2) die mögliche indirekte positive Interaktion zwischen Makrophyten bei steigendem 

Fraßdruck und 3) mit steigender Eutrophierung. Als Fischart, Herbivore und Makrophyten 

wählte ich für diese Untersuchungen dominante und weit verbreitete Arten.  

Der Review-Artikel legt die Vermutung nahe, dass indirekte und direkte positive 

Interaktionen insgesamt ein Maximum in Umgebungen mit mittlerem Stress und Störungen 

verursachen, was unter diesen Umweltbedingungen zu einer sehr diversen 
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Pflanzengesellschaft führt. Ein Zusammenbruch der positiven Interaktionen in 

Gemeinschaften mit hohem Stress und vielen Störungen wiederum kann auf verminderte 

Schutzwirkung der Nachbarn zurückgeführt werden. Dies kann zu einer lokalen Abnahme der 

Biodiversität, zum Aussterben von Pflanzengemeinschaften und zu Veränderungen im 

Zustand des Ökosystems führen. Die experimentelle Herangehensweise wiederum hebt das 

Auftreten von indirekten positiven Effekten in Süßwasser-Ökosystemen, welche den Zustand 

von Makrophyten (Überleben und Biomasse) positiv beeinflussten, hervor. Die Anwesenheit 

von Arten mit positivem Einfluss (benefactors) wie Fischen (höhere trophische Ebene) oder 

Makrophyten (gleiche trophische Ebene) fängt direkte negative Interaktionen (z.B. Pflanzen-

Herbivoren oder Pflanzen-Phytoplankton Interaktionen) auf.  

Die Erhaltung des Überlebens- und Wachstums-Erfolgs der Pflanzen durch positive Effekte 

der Nachbarn zeigt die Bedeutung der indirekten positiven Interaktionen für aquatische 

Pflanzengemeinschaften und wie sie negative biotische (z.B. Fraßdruck) und abiotische 

Faktoren (z.B. erhöhte Eutrophierung) auffangen können. Darüber hinaus zeigte ich auch, 

dass der schützende Effekt durch die Nachbarpflanzen unter starken Fraßdruck abnehmen 

kann und durch den Zusammenbruch der indirekten positiven Interaktionen einen Erfolg der 

Pflanzen vermindern kann. Die Folgen eines solchen Kollapses sind von großer Bedeutung 

für die Reaktion der Pflanzengemeinschaften und Ökosysteme auf Umweltveränderungen. 

Eine Abnahme des schützenden Effekts der Nachbarpflanzen könnte zu einem 

Zusammenbruch der gesamten Süßwasser-Vegetation führen, wie es aus anderen 

Ökosystemen bekannt ist. Demzufolge könnte dies in Süßwasser-Ökosystemen teilweise den 

Verlust der Klarwasser-Phase, d.h. den Wechsel zu einem trüben, von Phytoplankton 

dominierten Stadium, erklären. 
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Summary 

 

The study of plant interactions is fundamental for understanding the processes 

involved in driving the structure and functioning of plant communities and ecosystems. 

Although the occurrence of facilitation and how it mediates the response of plant communities 

to environmental change have been reported in terrestrial and marine ecosystems, few is 

known about its importance for driving submersed aquatic plant (macrophyte) communities. 

However, because macrophytes have an important structuring role for freshwater ecosystems 

(e.g. on sedimentation, nutrient dynamic or stability of ecosystems under eutrophication), it is 

of primary importance to understand how facilitation may affect these communities. In my 

thesis, I first explored in a review the interacting role of direct and indirect facilitation 

occurring along environmental and grazing constraints respectively, on the structure and 

stability of plant communities in a wide range of ecosystems. Then, I experimentally 

addressed the role of indirect facilitation as a potential mechanism driving macrophyte 

communities within three different contexts: I focussed on 1) the potential indirect positive 

effects of fish on macrophyte plants by decreasing the abundance of herbivores (indirect 

facilitation across trophic levels), 2) the potential indirect facilitation among macrophytes 

with increased grazing pressure, and 3) with increased eutrophication. For these approaches, I 

chose dominant and widely distributed species of fish, herbivores and macrophyte plants. 

The review paper suggests that both direct and indirect facilitation interact and 

produce a peak of facilitation in intermediately stressed and disturbed environments leading to 

highly diverse communities in these environments. However, a collapse of facilitation in 

highly stressed and / or disturbed communities occurs due to declined protecting effects of 

neighbours. This may lead to a local decrease in biodiversity, extinctions of plant 

communities and changes in ecosystem states. The experimental approaches underlined the 
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occurrence of indirect facilitation in freshwater ecosystems which positively affected the 

performances (i.e. both survival and biomass) of macrophytes. The presence of different kinds 

of neighbouring species (benefactors) such as fish (higher trophic level) or other macrophytes 

(the same trophic level) buffered direct negative interactions (i.e. plant-herbivore or plant-

phytoplankton interactions). The maintenance of plant performance due to protecting 

neighbouring effects demonstrates the importance of indirect facilitation for structuring 

aquatic plant communities and how it can buffer the negative effects of both biotic (i.e. 

grazing) and abiotic factors (i.e. increased eutrophication). Furthermore, I also showed that 

the protecting effect of neighbouring plants can decrease under strong grazing pressure 

resulting in a collapse of indirect positive interactions and thus, a collapse of plant 

performance. The implications of such a collapse are highly relevant regarding the response 

of communities and ecosystem functioning to environmental change. A decline in protecting 

effects of neighbouring plants might contribute to a collapse of vegetation in freshwater 

ecosystems as reported in other ecosystems and hence may partially explain the loss of clear 

water states, i.e. the switch to a turbid phytoplankton-dominated state in freshwater 

ecosystems. 
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