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Summary 

 

Biodiversity loss is one of several anthropogenically driven factors severely influencing the 

functioning of the earth’s ecosystems and with that also human wellbeing. Fisheries, 

agriculture, water usage and also tourism rely on ecosystem functioning in a way beneficial to 

mankind. Primary producer communities stand at the basis of terrestrial and aquatic 

ecosystems. Their contribution to ecosystem functioning is therefore increasingly focus of 

research in aquatic and terrestrial ecology. Phytoplankton communities - although only 

representing a small portion of the world’s photosynthetic biomass - are responsible for 

around half of the carbon fixation by primary producers worldwide and thus drivers of global 

carbon and nutrient fluxes. Accordingly, investigating the mechanisms linking biodiversity 

and ecosystem functioning in aquatic habitats with phytoplankton as primary producers is of 

general importance. 

Hence, my aim was to design experimental ways of manipulating natural phytoplankton 

communities in their diversity. As such studies were previously rare, my results should enable 

performing experimental studies close to realistic natural conditions to investigate mechanisms 

driving ecosystem functioning in aquatic habitats. Furthermore it was my aim to test whether 

such manipulated diversity gradients mimic naturally evolved diversity differences between 

water bodies in their responses to an additional stressor such as for example eutrophication.  

Biodiversity loss is more and more seen in the context of functional diversity. Rather than only 

by species identity, organisms are categorized by traits that are decisive for ecosystem 

functioning, like for example pigment composition, size or temperature tolerance. To gain 

insight into the mechanisms linking functional diversity to ecosystem processes, I here present 

an example of such a trait-based approach. Studying the loss of diatoms – a phytoplankton 

group prone to environmental change - from the phytoplankton community, I analyzed it’s 

consequences for light usage of the primary producers and corresponding ecosystem processes 

within lakes.  
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The assessment of functional phytoplankton community composition is crucial for basic 

research as described here as well as for environmental monitoring. Within the framework of 

my field study, I tested the applicability of two fast methods of assessing phytoplankton 

communities based on their pigment composition. 

To tackle the described goals, I conducted small scale laboratory experiments as well as large 

scale mesocosm field studies in three temperate lakes. My results point out the meaning of 

diversity for the stable functioning of phytoplankton communities. I could show differences 

between naturally evolved diversity differences and short-term experimental manipulations of 

phytoplankton diversity. Additionally, I could connect the decrease of a functional group in 

the phytoplankton community to a decline of a characteristic photosynthetic pigment and 

subsequent changes in the community’s light usage. 

These results show the importance of an understanding of the mechanistic background of 

consequences of diversity loss. Considering the vital importance of marine primary producer 

communities for the world’s carbon and nutrient cycles, I propose experiments to test whether 

results from my freshwater studies are also relevant for marine pelagic systems.   
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1.1 Biodiversity 

 “”Biological diversity” means the variability among living organisms from all sources 

including, inter alia, terrestrial, marine and other aquatic ecosystems and the ecological 

complexes of which they are part; this includes diversity within species, between species and 

of ecosystems.” This very broad definition of biodiversity from the convention on biological 

diversity (CBD - UNEP) in 1992 covers genetic diversity within species, taxonomic diversity, 

ecosystem diversity and also functional diversity. So whether talk is about the several different 

species of Darwin’s finches on the Galápagos Islands, about different ecosystems ranging 

from deserts to rainforests or about the variety of functional groups within phytoplankton 

communities, all are encompassed in the term biodiversity. Although often the term 

biodiversity is used as a synonym for species richness, the above given definition shows that 

the meaning of biodiversity rather exceeds sole species numbers. After some controversy on 

the definition, scientists developed a more integrated point of view including traits influencing 

community performance (e.g. Naeem and Wright 2003, Mouillot et al. 2005, Naeem et al. 

2012, Hillebrand et al. 2017) and paved the way for investigations on biodiversity as central 

point in ecological research. During the Millenium Ecosystem Assessment (MA, initiated in 

2001 by the United Nations) a whole section was dedicated to biodiversity and its meaning for 

ecosystem functioning and human wellbeing, showing the importance of that topic in current 

debate in science as well as politics. 

  

1.1.1 Biodiversity loss 

Biodiversity on earth is facing a rapid decline. Concern is rising since it was noticed that 

species extinction rates within the last decades and even centuries are way higher than the 

background rates (estimated from rates between the five previous mass extinctions on earth; 

Ricciardi and Rasmussen 1999, Chapin et al. 2000, Sala et al. 2000, Barnosky et al. 2011). 

Ceballos et al. (2015) argued that even with very conservative calculation methods, the rates 

of species extinctions across different groups of vertebrates clearly indicate higher loss than 

compared to background rates and thereby are suggestive for a current sixth mass extinction 

event. Assessment of a loss of microbial species is somewhat more complicated due to their 
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microscopic nature and potential dispersion; nevertheless, concern of potential losses from the 

microbial realm is discussed. Microbial species for example largely influence the world’s 

carbon and nutrient cycles and are also decisive for food web structures across all ecosystems, 

resulting in far-reaching consequences of such losses (Caviccioli et al. 2019). As microbial 

diversity is crucial for ecosystem functioning, more research on that topic is desirable (Bell et 

al. 2005, Weinbauer and Rassoulzadegan 2007). 

Biodiversity loss can have several different reasons. First of all, it also is a natural process as 

part of evolution where species are forming new and others are disappearing again. But this 

process presently is outshone by the directly or indirectly human induced losses of diversity 

from different systems (Rockström et al. 2009). Diversity can be directly affected by 

intensifying agriculture and forestry (monocultures, use of fertilizers, etc.) or by 

overexploitation of environmental goods (Matson et al. 1997, Chapin et al. 2000, Tilman et al. 

2001). Excessive fishing or hunting of certain species can lead to severe reductions in a 

population or even extinctions and with that trigger further changes in the systems they were 

part of. Another factor putting native species communities under pressure are non-indigenous 

species introduced into new habitats by humans and competing with the resident species pool 

(Vitousek et al. 1996, Shochat et al. 2010, Galiana et al. 2014). Not only do direct community 

changes as described above influence biodiversity. Also the environmental conditions do play 

a large role in maintaining diversity in a certain area. As all organisms have certain demands 

to their environments they can grow and develop under suitable conditions but get stressed or 

cannot exist when environmental conditions in a habitat do not match their demands. Habitat 

change, fragmentation or even destruction by human activities therefore is assumed to be one 

of the biggest threats to biodiversity (Ehrlich 1988, Brooks et al. 2002, Ceballos and Ehrlich 

2002, Hanski 2011). 

To assess human impact on environmental change and find a “safe” region for this change 

within to act, Rockström et al. (2009) defined planetary boundaries for nine processes or 

subsystems of the Earth. The processes were named climate change, ocean acidification, 

biogeochemical cycles of phosphorus and nitrogen, freshwater use, land use change, 

biodiversity loss, atmospheric aerosol loading, stratospheric ozone depletion and chemical 



9 

 

 

pollution. The authors tried to find certain threshold values (boundaries) within which the 

processes should stay to avoid “unacceptable environmental change” with regard to human 

wellbeing and evaluated the actual condition of the processes. Amongst climate change and 

interference with the nitrogen cycle, biodiversity loss was one of the processes already rated to 

be way above the safe operating space assigned to it.  

 

 

Figure 1: Control variables for nine processes important for the functioning of the Earth System and their respective 

planetary boundaries for a safe operating space for humanity. Green markings show the boundaries that are 

considered to be safe, yellow areas depict zones of increasing risk while the red marked processes are considered to be 

high risk. Grey areas show variables where boundaries have not yet been quantified. Within biosphere integrity – one 

of the core boundaries, genetic diversity was assessed as in an area of high risk and functional diversity could not yet 

be estimated (figure see Steffen et al. 2015). 

In 2015 Steffen et al. revised and updated this work (see Fig. 1). They even identified two core 

boundaries which individually would have the potential to change the whole Earth System 

state when being exceeded: climate change and biosphere integrity. Biosphere integrity 

includes genetic as well as functional diversity. Genetic diversity was already outside the 

suggested safe boundary while functional diversity was marked with a question mark as a 
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global-level boundary could not yet be quantified. All of the boundaries mentioned were 

examined as single processes, yet, it is also pointed out, that they all act together as an 

integrated system on a global level. Scientists worry about the general biodiversity loss as it is 

assumed to have great impact on ecosystem functioning and with that on human wellbeing 

(Díaz et al. 2006, Rockström et al. 2009, Loreau 2010; Naeem et al. 2012). For this reason 

biodiversity ecosystem functioning (BEF) became a hot topic in ecological research. 

 

1.1.2 Biodiversity and ecosystem functioning 

Not only do human induced changes of ecosystems lead to a loss of biodiversity, but in return 

a diversity loss can result in changes in the functioning of ecosystems and the allocation of 

ecosystem services crucial to human wellbeing (Loreau et al. 2001, Balvanera et al. 2006, 

Díaz et al. 2006, Worm et al. 2006, Hautier et al. 2018, Lindegren et al. 2018). Biodiversity 

could therefore – via ecosystem functions – have feedback on its own persistence (Loreau 

2010).    

Ecosystem services are defined as all benefits mankind can obtain from any ecosystem. That 

comprises existential resources as freshwater or food, materials like wood for building as well 

as the recreational value of some landscapes. The allocation of such services depends on the 

functioning of the respective ecosystem and the condition it is in. As humanity depends on the 

allocation of specific ecosystem services and thereby on a favorable state of such a system, the 

understanding of ecosystem functioning became of great interest. (Millennium Ecosystem 

Assessment, Ecosystems and Human Well-Being (Island Press, Washington, DC, 2005) 

A whole new field of ecology developed therefore to investigate the links between 

biodiversity and ecosystem functioning – BEF research. Focus thereby often lies on primary 

producer diversity and its influence on ecosystems as primary production builds the 

foundation for food webs and ecosystem processes. Several studies showed connections 

between biodiversity and productivity in terrestrial biomes as well as aquatic communities 

(Tilman et al. 2001, Ptacnik et al. 2008, Craven et al. 2016). Diversity was investigated as 

driver of productivity, stability under perturbations as well as nutrient cycling and other 
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ecosystem properties (Loreau et al. 2001, Hooper et al. 2005, Balvanera et al. 2006, Cardinale 

et al. 2006, Worm et al. 2006, Isbell et al. 2015). Tilman and colleagues for example 

performed experiments in grasslands and found higher biomass production with increasing 

species richness of the primary producer community (Tilman et al. 1996, Tilman et al. 2006). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Diagram of links and dynamics in (freshwater) food webs. As represented by solid and dashed lines, stressors 

can have direct as well as indirect effects on ecosystem functioning (graphic modified after Woodward 2009). 

Different explanations for a connection between biodiversity and productivity have been 

suggested. The sampling effect hypothesis describes the assumption that a community 

consisting of more species than another has a greater probability to contain a larger subset of 

all possible traits and with that performs better in the analyzed ecosystem processes (Huston 

1997, Aarssen 1997, Tilman 1997). When facing perturbations, a high biodiversity is thought 
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to act as buffer, in the case of a loss of some species from the community, others with similar 

traits could take over their function in the collective and thereby keep system processes stable. 

As diversity functions like an insurance for ecosystem processes this is called “insurance 

hypothesis” (Yachi and Loreau 1999). Complementarity among species or functional groups 

could also lead to higher productivity (Loreau 2000). Especially the diversity of functional 

traits and the identity of single species within a community seem to be crucial for its 

performance in the ecosystem (for links between perturbations, diversity and ecosystem 

functioning via food webs see Fig. 2). To gain a deeper understanding of the role of 

biodiversity for ecosystem functioning and its interactions with abiotic factors is the aim of 

BEF research. Therefore, various experiments and analyses examining the mechanisms behind 

biodiversity ecosystem functioning relationships (Handa et al. 2014; Craven et al. 2016; 

Lewandowska et al. 2016) have been performed. 

 

1.1.3 Phytoplankton  

As primary producer diversity is tightly connected to the production of an ecosystem, this 

usually is a well explored example across different systems. For instance for grassland 

communities the influence of primary producer diversity on productivity is well studied 

(Tilman et al. 2001, Spehn et al. 2005). The function of plants in terrestrial systems is carried 

out by phytoplankton communities in aquatic systems. 71 % of the earth’s surface is covered 

in water (Wetzel 2001). Phytoplankton, although only representing around 1 % of the world’s 

photosynthetic biomass, are responsible for approximately 50 % of the fixation of inorganic 

carbon by primary producers and thereby driving major carbon and nutrient fluxes (Falkowski 

2012).  

Freshwater systems – with phytoplankton at the basis of their food webs – are also under 

increasing pressure of human induced change. Climate change with a following alteration in 

water temperatures can alter the stratification and mixing regimes of water bodies (Schindler 

et al. 1996, Livingstone 2008, Adrian et al. 2009). Nutrient inputs in catchment areas and 

water bodies due to for example use of fertilizers in agriculture additionally stress primary 

producer communities and change their environmental conditions (Carpenter 2005, Smith and 
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Schindler 2009) in freshwater and coastal waters. After increased nutrient input and rising 

water temperatures for instance the frequency of toxic algal blooms increased (Hallegraeff 

1993, Anderson et al. 2002, Heisler et al. 2008, Paerl and Huisman 2008). Rivers, lakes and 

estuaries change their appearance due to the construction of dams, agricultural use of the 

catchment areas or river regulations. Perturbations such as described can lead to shifts in 

phytoplankton community composition and with that impact ecosystem functioning. 

Microalgae suspended in the water column show an impressing variety of traits. Being 

described by their way of life rather than their evolutionary background, phytoplankton 

comprises organisms ranging from bacteria to eukaryotes. They are unified by their ability to 

perform photosynthesis but highly diverse in for example pigmentation, shapes and their 

demands to nutrient availability (Sommer 1994). To efficiently use light as a resource, 

phytoplankton has developed a particularly high diversity in photosynthetic active pigments. 

Thereby phytoplankton communities with species diverse in their pigment composition are 

able to use a wide range of wavelengths for primary production (Falkowski and Raven 2007, 

Litchman and Klausmeier 2008). Leading to a high functional diversity of phytoplankton 

communities, this shows their important role in the functioning of ecosystems and the interest 

of BEF research focusing on aquatic primary producer communities (e.g. Ptacnik et al. 2008, 

Vallina et al. 2017, Cavicchioli et al. 2019).  
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1.2 Motivation and research topics 

Phytoplankton organisms show a diversity of functional traits like pigment composition or 

nutrient uptake rates as well as biochemical composition. Dynamics of such traits within a 

community are decisive for important ecosystem processes. With the above discussed decrease 

in biodiversity, a loss of functional traits is going hand in hand, which can alter ecosystem 

processes like productivity or stability under perturbations (Naeem et al. 2012). Biodiversity 

loss thereby becomes a major driver of ecosystem change (Hooper et al. 2012). Experiments 

investigating the mechanisms behind BEF (Tilman et al. 2001, Cardinale et al. 2006, Power 

and Cardinale 2009) showed that biodiversity loss resulting in a loss of functional traits 

connected with resource use will lead to a decrease in primary production. These experiments 

were mainly conducted with artificially assembled communities on a relatively small scale, 

allowing for high control over the diversity of experimental units as well as the experimental 

design. In phytoplankton biodiversity research experimental synthetic communities assembled 

from laboratory algal strains are most often used (Power and Cardinale 2009; Behl et al. 2011; 

Corcoran and Boeing 2012). Phytoplankton communities mainly consist of microscopic 

unicellular algae; this makes diversity manipulations of natural communities very difficult. 

Removal experiments that manipulate diversity by removing individual species such as done 

in terrestrial environments (Wardle et al. 1999, Symstad and Tilman 2001) are impossible to 

perform with plankton communities.  

My aim was therefore to explore potential ways to perform diversity manipulations within 

natural phytoplankton communities. Thereby I wanted to gain insight into how a loss of 

diversity and with that a loss of functional traits affects ecosystem functioning. I was 

interested in how a change in diversity affects the dynamics of phytoplankton communities 

and how the reaction of communities to an external stressor (nutrient input) is connected to 

diversity. By scaling up from small scale laboratory experiments to larger mesocosm studies in 

the field, I investigated whether diversity manipulated phytoplankton communities show the 

same responses as communities sampled along naturally evolved diversity gradients. 

Loss of a certain trait or functional group from a community might mechanistically link 

species loss to shifts in pelagic ecosystem processes. Therefore I also investigated in detail the 
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consequences of a loss of diatoms – an important functional group of phytoplankton 

organisms prone to environmental change – for light use efficiency in the primary producer 

community and corresponding processes within lake ecosystems. 

Whether as part of large scale field experiments or for environmental monitoring, there is a 

need for techniques to assess phytoplankton community composition. Conventionally 

phytoplankton species identity is assessed by microscopy although this is a very time 

consuming technique. Hence, faster ways to analyze community composition were developed 

based on photosynthetic traits such as pigment composition. Therefore I was also interested in 

comparing two of those methods, namely spectrofluorometry by the AlgaeLabAnalyser (bbe 

Moldaenke, Kiel, Germany) and HPLC based analyses of pigment composition with 

CHEMTAX, to examine their sensitivity and handling in ecological research. 

To assess the above stated research interests, I performed laboratory and mesocosm field 

studies based on phytoplankton communities from two ponds and three lakes in Upper 

Bavaria, covering a range of different trophic states. For the scope of this thesis I concentrated 

on the following four research topics: 
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1.2.1 Directed diversity manipulations of natural phytoplankton 

communities 

To assess BEF relationships mechanistically, experiments including communities with 

artificially manipulated diversity are necessary. Experimental BEF studies often focus on the 

manipulation of primary producer communities and subsequent effects in food webs and 

ecosystem processes (Balvanera et al. 2006). So called removal experiments are a commonly 

used type of experimental manipulation of the diversity of primary producer communities 

(Wardle et al. 1999; Symstad and Tilman 2001). Primary producer communities are 

manipulated by removing single species or groups of species from a community and the 

consequences of these experimental changes in biodiversity and species composition are 

followed. In terrestrial primary producer studies this method is well established and 

experiments with natural or semi-natural communities are possible (Díaz et al. 2003).  

Equivalent to plants in terrestrial habitats, phytoplankton represent the primary producers at 

the basis of aquatic food webs. Consisting mostly of microscopic unicellular algae, 

phytoplankton communities cannot be easily manipulated in species richness by methods such 

as individual species removal. Therefore phytoplankton BEF studies are usually based on 

synthetic combinations of laboratory strains without shared evolutionary history (e.g., Power 

and Cardinale 2009; Behl et al. 2011; Corcoran and Boeing 2012). However, the response of a 

community to environmental changes might also be determined by a shared evolutionary 

background. Competition, predation, niche partitioning and other interactions among 

organisms result in locally adapted communities. These natural communities might therefore 

respond to environmental factors or experimental conditions in a different way than laboratory 

communities would (Flombaum and Sala 2008). Additionally, artificial communities usually 

comprise a low number of species that is reflective of the lower end of naturally occurring 

biodiversity. 

Finding an easily manageable tool to manipulate a natural community’s diversity would be a 

further step to enable experiments on diversity gradients that closer represent natural 

conditions. As removal of single species is not possible, such manipulations must focus on a 

directed manipulation of the abundance of groups of species with certain characteristics. 
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Dilution and disturbance are two of several possible methods to change the diversity of natural 

algal communities in such a way. 

Loss of rare species by dilution 

With gradual dilution of a natural community rare species are expected to get lost and thereby 

a diversity gradient can be established with only the most common species being present at the 

highest dilution (Franklin et al. 2001, Giller et al. 2004). Dilution has been already applied in 

other fields to create species diversity gradients and was initially described as dilution to 

extinction approach to estimate structural diversity in microbial communities (Garland and 

Lehman 1999, Franklin et al. 2001). Similar approaches were used in other studies studying 

community dynamics related to diversity in a variety of systems (Taylor and Bruns 1999, 

Romanuk and Kolasa 2005, Vogt et al. 2006, Trommer et al. 2012). Giller et al. (2004) 

suggested using dilution as a method to manipulate communities in aquatic environments in a 

non-random way to address BEF relationships. This also provides the possibility to make use 

of natural communities in contrast to the widely used artificially assembled experimental 

communities. However, so far there were no detailed methodological descriptions for this 

method for natural freshwater phytoplankton communities.  

Independent of their low abundance, rare species may have important community functions as 

they can potentially compensate a loss of more common species or provide unique functional 

traits to a system (Walker et al. 1999; Lyons et al. 2005; Mouillot et al. 2013; Jain et al. 2014). 

The experimental loss of rare species along a dilution gradient resembles the higher risk of 

rare species to be more prone to extinction, mainly due to stochastic processes that result in 

large effects on small populations (Pimm et al. 1988; Caughley 1994).  

Loss of stress sensitive species by disturbance 

On the other hand, experimental disturbance affects species that have narrow niche functions 

and are therefore very sensitive to certain stressors (Fisher 1977; Carpenter and Cottingham 

1997; Elmqvist et al. 2003; Gallagher et al. 2015). This can result in a direct loss of species by 

stress and/or affect competition between species and thereby also competitive exclusion. Both, 

direct and indirect effects of disturbances can result in changes in species richness. It has been 
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shown that intermediate disturbance intensities and frequencies enable communities with high 

diversities to establish (Intermediate Disturbance Hypothesis, IDH; Connell 1978).  By testing 

predictions of the IDH, Flöder and Sommer (1999) have already shown that diversity gradients 

can be established in natural phytoplankton communities (mesocosms) by gradual disturbance 

of the water column stratification. Mesocosms with an intermediate disturbance frequency 

showed the highest phytoplankton diversity levels. Changes in diversity were characterized by 

shifts in evenness of species distribution but also by a loss of species richness at both ends of 

the disturbance gradient. 

To analyze the applicability of the above described possible experimental manipulations we 

tested both, disturbance and dilution to create diversity gradients within natural phytoplankton 

communities. To further compare effects of such diversity manipulations at contrasting trophic 

states, we used natural communities from two ponds showing low and high nutrient levels 

(oligotrophic, eutrophic). All experiments were performed at laboratory scale (microcosms < 

1L), which represents a common scale for phytoplankton BEF research allowing for strictly 

controlled environmental conditions (Petersen et al. 2009). With adequate modifications both 

methods should be also applicable to large-scale field experiments such as performed in 

mesocosms. 
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1.2.2 Diversity gradients and nutrient enrichment – comparing effects of 

natural diversity differences with effects of short-term experimental 

manipulations of diversity 

As pointed out in section 1.1 a loss of diversity from primary producer communities is 

considered to influence ecosystem services and the stability of ecosystems and food webs. 

Stability of an ecosystem or certain processes becomes noticeable in the reaction to 

environmental influences or stressors. Resistance and resilience are two terms tightly 

connected to the research focusing on stability in ecology. Resistance thereby describes the 

ability of a community or system to withstand a deflection from their present condition or 

state. By contrast, resilience would express the system’s ability to recover after perturbation 

and would for example be shown in the return time a system needs to reach its initial state 

(Westman 1978, Webster et al. 1983, Tilman and Downing 1994). These terms have been 

subject to controversial discussion in the field resulting in numerous definitions connected to 

the resilience concept (see for example Holling 1973, Gunderson 2000, Carpenter et al. 2001, 

Scheffer et al. 2001, Ibelings et al. 2007, Lake 2013, Hillebrand et al. 2018). As my small-

scale study setup does not allow for any far-ranging conclusions about state shifts in the 

ecosystem, I here refer to stability in the sense of a resistance to being deflected from the 

initial condition of a community under the influence of a certain stressor. Hence, I measure 

phytoplankton community reactions in growth and community composition to high nutrient 

input rates.  

Increasing nutrient concentrations in aquatic systems could for example lead to higher 

community growth rates or a shift in community composition of primary producers (Leibold 

1999, Carpenter 2005, Smith et al. 2006). 

Several systems are known to have different stable states in which they can persist. Lakes can 

for example show regime shifts between a clear-water state with pronounced macrophyte 

communities and a microalgae dominated turbid state on the other hand (Scheffer et al. 1993). 

Depending on the system’s characteristics, sudden switches between the different states can 

occur under the influence of slowly changing environmental factors. This is known as 

catastrophic regime shifts, tipping points or critical transitions between states (Scheffer and 
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Carpenter 2003, Barnosky et al. 2012, Oliver et al. 2015). For conservation issues it is 

desirable to develop techniques to anticipate such dramatic system changes and find reliable 

warning indicators for undesired regime shifts. For systems with several stable states where 

regime shifts can occur, phenomenons like critical slowing down (increasing return time to 

equilibrium state after a disturbance; Wissel 1984) or increasing variability have been 

described as potential early warning indicators previous to a transition. In detail such 

indicators could be changes in variance, autocorrelation, recovery rates and skewness of a 

measured variable (Guttal and Jayaprakash 2008, Lindegren et al. 2012, Scheffer et al. 2012, 

Dakos and Bascompte 2014). During a whole-lake experiment (adding piscivorous fish in a 

planktivore-dominated community to induce a trophic cascade), Batt et al. (2013, also see 

Carpenter et al. 2011) measured for example several basic variables like pH or chlorophyll a 

concentration and used these to compute  resilience indicators and evaluated their ability to 

notify system changes in advance to a potential regime shift. 

Stressors like nutrient input not only lead to visible changes such as described before but are 

also likely to influence diversity in primary producer communities (Leibold 1999, Smith et al. 

1999, de Jonge et al. 2002). A loss of diversity under the influence of severe stressors can in 

turn lead to stronger reactions to stressors, potential feedbacks between biodiversity and 

ecosystem functioning could be a consequence (Chapin et al. 2000, Loreau 2010). 

Biodiversity has therefore been considered as a potential buffer against the impact of 

environmental stressors (Cardinale 2011). Hence, it is important to further investigate the 

causal mechanisms that link together biodiversity and a system’s function and stability under 

the influence of environmental stressors. As previous studies mainly focused on artificially 

assembled communities, experiments closer reflecting naturally evolved microbial 

communities with a shared evolutionary background and the complex interactions between 

organisms are desirable. Recently some methods have been described to manipulate diversity 

of natural communities in small-scale studies (see research topic 1 above - Hammerstein et al. 

2017, and Engel et al. 2017) that were up-scaled in this study to be also applicable with larger 

mesocosm experiments. Albeit the difficulties in setting up diversity gradients in natural 

communities, phytoplankton communities are - due to their fast growth responses - well suited 

to study diversity dependent effects of stressors on community dynamics. 
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However, experimental diversity manipulations reflect transient short-term changes of natural 

communities while diversity differences between communities from different environments 

are likely to evolve over longer periods shaped by ecological and evolutionary forces. 

Therefore the question arises whether such short-term experimental diversity shifts have 

comparable functional consequences on ecosystems as long-term evolved diversity differences 

between different ecosystems. 

I therefore investigated the following questions: 

1) Does experimentally reduced diversity in phytoplankton communities lead to lower 

community stability under the influence of a disturbance and is the community reaction to an 

environmental stressor (high nutrient input) stronger with a loss of diversity? 

2) Do experimentally induced short-term changes in diversity of a natural community show 

the same direction and magnitude in the community’s reaction to this stressor as communities 

with comparable natural diversity differences that developed by ecological and evolutionary 

processes? 

To investigate these questions I performed nutrient enrichment experiments with natural 

phytoplankton communities from three lakes that were experimentally manipulated in 

diversity in large scale field studies using mesocosms. 
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1.2.3 Consequences of group specific trait losses from phytoplankton 

communities 

As pointed out in section 1.1.3 pelagic primary producer communities are often directly 

affected by changing conditions. Modified nutrient availability or rising temperatures with 

following changes in stratification regimes notably affect growth conditions for 

phytoplankton. Shifts in primary producer community composition or changes in the timing of 

periods of growth can be the consequence (Cushing 1989, Edwards and Richardson 2004, 

Winder et al. 2009, Finkel et al. 2010, Morán et al. 2010, Thomas et al. 2012). Such changes at 

the basis of the food web can alter the availability of food for higher trophic levels or for 

example lead to trophic mismatches in the seasonal timing between trophic levels (e.g. 

Edwards and Richardson 2004, Thackeray et al. 2016). Thereby, shifts in primary producer 

communities can alter the structure and composition of whole food webs.  

Bacillariophyceae represent an important group of phytoplankton that is generally prone to the 

addressed anthropogenic influences on their environment. Specific requirements to nutrient 

accessibility as well as to the depth of the mixed upper water layer lead to the diatom’s 

susceptibility to climate change and eutrophication. Rising water temperatures lead to stronger 

stratification of the different water layers. As a result, due to the warmer conditions, the upper 

layer that is usually mixed by wind will be of lower depth (Livingstone 2003, Fang and Stefan 

2009). Characterized by their silicon shells, diatoms have a higher specific density compared 

to other phytoplankton organisms and therefore show high sinking rates of up to several 

meters per day (Smayda 1970, Smol et al. 1984). With more pronounced 

stratification/shallower mixing depths, larger diatom species tend to sink out of the photic 

zone fast and are replaced by diatom species with smaller cell sizes or non-siliceous motile 

phytoplankton (Winder et al. 2009, Bramburger et al. 2017). A shift in phytoplankton 

community composition towards species that are not affected by high sinking rates, like 

smaller or motile species, would be the consequence. 

Although diatoms tend to grow well at constantly low phosphorus (P) concentrations, they 

depend on silicon (Si) as an essential nutrient in the water column for their growth. Si 

commonly enters water bodies through weathering processes and consequently reaches lakes 
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and finally coastal areas by rivers that transport it from their catchment areas. Anthropogenic 

influences at the catchment areas therefore also indirectly affect nutrient composition and 

concentration in lakes or coastal areas where a relative decrease of Si concentrations compared 

to other nutrients was monitored over the last decades (Schelske et al. 1983, Justić et al. 1995, 

Humborg et al. 2002, Laruelle et al. 2009). Nitrogen (N) and P input to riverine systems 

increased due to human activities (e. g. Smith 2003). Si on the other hand is usually not added 

to aquatic systems by anthropogenic influences. The resulting change in nutrient ratios from Si 

to N or P can affect phytoplankton community composition and aquatic food web structures 

(Conley et al. 1993, Justić et al. 1995). In lakes and coastal areas, increased N and P input first 

leads to increased diatom growth and a subsequent Si burial in the sediments. This in turn can 

lead to a depletion of biogenic Si in the water column and a following switch to non-siliceous 

algae (Admiraal et al. 1990, Conley et al. 1993). 

Additionally, the Si content in downstream regions and coastal areas is affected by the 

construction of dams. By blocking rivers and retaining water in artificial lakes or 

sedimentation areas, Si concentrations in the streams feeding lakes and seas are modified 

(Admiraal et al. 1990, Humborg et al. 1997, Humborg et al. 2002). In such artificial lakes, 

environmental conditions (deep mixing) favor growth of diatom communities that probably 

sink out before the retained water is let into the ongoing river. Thereby Si is bound in the 

sediments with the diatoms that sank out and cannot be washed into the coastal areas by the 

river. This effect has been observed in various systems around the world and leads to an 

increased silicon deficiency impacting phytoplankton communities (Humborg et al. 1997, 

Humborg et al. 2000, Conley et al. 2000). Following eutrophication and rising temperatures, it 

has already been observed in some marine habitats that systems formerly characterized by 

diatoms, fish and other predator species switched to a state dominated by more flagellate 

plankton species and higher numbers of jellyfish (Richardson et al. 2009). 

With the above described anthropogenic impacts affecting mixing regimes and Si 

concentration, diatoms are expected to decrease in both, species richness and abundance. 

Hence, such changing environmental factors could lead to a shift in phytoplankton species 

composition with fewer diatoms and a simultaneous increase of non-siliceous phytoplankton 
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species. Other phytoplankton groups could benefit from the new conditions and show 

enhanced growth. Hence, the question arises whether species replacing diatoms are able to 

fulfill the same functional properties in the community as their predecessors. Diatoms have 

special functional traits, for example containing fucoxanthin as one of the main light 

harvesting pigments (Jeffrey and Vesk 1997, Gelzinis et al. 2015) and thereby covering parts 

of the green and yellow gap in light utilization that other species cannot use for photosynthesis 

(Kuczynksa et al. 2015). Additionally, diatoms contain for example a relatively high amount 

of polyunsaturated fatty acids (PUFAs) that can be essential components of food for higher 

trophic levels (Brett and Müller-Navarra 1997, Li et al. 2014). With diatoms being partially 

lost from phytoplankton communities, a concomitant functional change of communities and 

food webs would be expected. 

My aim was therefore to study the consequences of a decrease or loss of diatoms in natural 

phytoplankton communities. I manipulated the stratification of water columns including 

natural phytoplankton communities from different lakes; thereby changing the abundance of 

diatoms within phytoplankton. I analyzed community responses in light use efficiency and 

pigment composition. Main question of my analyses was to investigate the consequences of a 

loss of diatoms in phytoplankton communities in terms of important functional traits and 

whether the communities reorganizing after a disturbance can compensate a potential loss of 

such traits. 
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1.2.4 Comparison of different techniques to assess phytoplankton 

diversity 

To ensure the sustainable use of aquatic ecosystems and to manage the water treatment 

operations, the European Community legislation has introduced the EU Water Framework 

Directive (WFD, Directive 2000/60/EC). The WFD defines the composition of the 

phytoplankton community as one of the most important biological parameters that determine 

the quality and ecological status of surface water bodies (Catherine et al. 2012, Izydorczyk et 

al. 2009, Escoffier et al. 2015, Sarmento and Descy 2008). Beyond issues of water quality 

management, phytoplankton community composition has also often been used as an indicator 

of food quality for e.g. herbivorous zooplankton (Behl and Stibor 2015) and of the ecosystem 

productivity and trophic status of lakes (Reynolds and Petersen 2000).  

Because of the rapid response of the phytoplankton community to environmental changes 

(Richardson et al. 2010) and a usually high number of samples that have to be processed (due 

to samples from different communities as well as high numbers of replicates in phytoplankton 

biodiversity experiments), it is necessary to use fast and time saving methods for the 

assessment of phytoplankton community composition. Traditionally, phytoplankton 

community composition is estimated via microscopic counting. However, this method is quite 

time consuming and depends on the taxonomic knowledge of the person identifying the 

phytoplankton taxa. Also, phytoplankton of very small size (picoplankton; 0.2 - 2 µm) are 

hard to be differentiated accurately (Booth 1993). Another approach, which is new and not yet 

completely implemented, is DNA metabarcoding, e.g. using 18S rDNA. Although this method 

could help to distinguish between small phytoplankton species and would provide a very high 

resolution, it is still very costly and limited by available databases that still lack many 

reference sequences (Simmons et al. 2016, Groendahl et al. 2017). Thus, chemotaxonomic 

alternatives have been proposed, such as pigment-based spectrofluorometry and high 

performance liquid chromatography (HPLC) of pigments. Both approaches are based on the 

differences in pigment composition of the main phytoplankton groups. For example, 

dinoflagellates contain the pigment peridinin, which is specific to them, while alloxanthin and 

lutein are pigments that are group-specific for cryptophytes and chlorophytes respectively 
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(Gieskes and Kraay 1983, Jeffrey et al. 2011). Thus, the pigment composition of the 

phytoplankton is commonly used to assess phytoplankton community composition.  

Fluorescence-based chlorophyll a (Chl a) quantification methods were applied for both in vitro 

(Yentsch and Menzel 1963) and in vivo (Yentsch and Yentsch 1979, Yentsch and Phinney 

1985) measurements of Chl a. Subsequently, spectrofluorometric methods that use multiple 

excitation and/or emission wavelengths were developed and became the standard application 

for phytoplankton monitoring (Beutler et al. 2002, Richardson et al. 2010, MacIntyre et al. 

2010). The Chl a fluorescence is mostly determined by the peripheral and core antennae of 

photosystem II (Beutler et al. 2002). While the evolutionarily conserved core antenna contains 

the Chl a molecules in all phytoplankton taxa, the peripheral antenna includes species-

dependent light-absorbing accessory pigments, which are responsible for selective excitation 

spectra and thus represent the fundament of the spectrofluorometric differentiation of 

phytoplankton groups (Rowan 1989). Based on these observations, Beutler et al. (2002) 

introduced the AlgaeLabAnalyser (bbe Moldaenke, Kiel, Germany) as a bench-top device 

which is commonly used by water authorities and routine laboratories. In vivo measurements 

with this device are very fast (< 2 min.) and based on group-specific excitation spectra Chl a 

content is assorted to the respective algal groups. This allows a swift monitoring and 

assessment of the phytoplankton community composition. 

Another commonly used method for the assessment of the phytoplankton community 

composition is the HPLC analysis of photopigments, combined with the matrix factorization 

programme CHEMTAX. HPLC also allows for identification of small phytoplankton that is 

hard to detect by microscopic counting, as the detection limits of diagnostic pigments are 

usually low (Schlüter et al. 2016). The HPLC approach is nowadays often combined with the 

matrix factorization programme CHEMTAX, which was developed in 1996 by Mackey et al. 

for marine systems, but has been used and updated since then for both marine and freshwater 

ecosystems (Armbrecht et al. 2015, Buchaca et al. 2005, Descy et al. 2000, Descy et al. 2009, 

Lauridsen et al. 2011, Lewitus et al. 2005, Sarmento and Descy 2008, Tamm et al. 2015, 

Schlüter et al. 2016). The CHEMTAX approach is based on group-specific pigments (e.g. 

peridinin, lutein etc. as mentioned above) and uses input ratio matrices containing ratios of 
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such pigments to Chl a, which can be found in the literature. Depending on the pigment ratio 

matrix and observed concentrations of the pigments, CHEMTAX provides the best fit of 

contributions of the predefined phytoplankton groups to the total Chl a concentration. The 

number of groups discernible by CHEMTAX depends on the number of analyzed diagnostic 

pigments and the previous knowledge about the phytoplankton community composition of the 

water body of interest (Mackey et al. 1996). 

Both the AlgaeLabAnalyser and the HPLC/CHEMTAX approach are limited in the taxonomic 

resolution, as they only allow a differentiation on functional group level. Yet, they offer a 

trait-based approach of community characterization leading to an assessment of functional 

diversity. Assessment of this functional diversity is increasingly interesting in phytoplankton 

studies, as functional phytoplankton diversity has been shown to be an important predictor of 

ecosystem functioning (Behl et al. 2011, Stockenreiter et al. 2013, Striebel et al. 2009). 

Here, both methods are compared with samples from lakes varying in trophic status; the 

following method-based hypotheses were tested: 

1) Both methods give a good representation of the phytoplankton community composition. 

2) HPLC/CHEMTAX allows for a higher resolution of the phytoplankton biodiversity as it has 

low detection limits for rare and small phytoplankton. 

3) The AlgaeLabAnalyser allows a more accurate determination of cyanobacteria, as the 

lipophilic solvent extraction of pigments used for the HPLC method does not capture the 

water-soluble dominant cyanobacterial pigments phycocyanin and phycoerythrin. 
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2. Material and Methods 
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2.1 Laboratory experiments – research topic 1 

Phytoplankton communities 

 Phytoplankton communities originated from two ponds of different trophic status. Both are 

situated in Upper Bavaria, close to the Ludwig-Maximilians-University, Department Biology 

II in Martinsried, Germany. The first pond, BZ (N 48.109399 E 11.459073), is oligotroph (TP 

<10µg/L) mainly dominated by Bacillariophyta. The second pond, IZB (N 48.107114 E 

11.457619), is highly eutroph (TP > 300 µg/L) and mainly dominated by Cyanobacteria and 

Chlorophyta. 

Diversity manipulation by dilution 

For the dilution experiment we used spring phytoplankton communities from both ponds. To 

exclude small rotifers and mesozooplankton, the water was filtered through 60 µm gauze. 

Additionally, 24 L were filtered through glass fiber filters to remove all algae. This algae free 

filtrate was used as medium for the experiment. To establish dilution gradients, 650 mL - 

cultivation bottles (Cell star, Greiner Bio One, Germany) were filled with 400 mL of the algae 

free filtrate. 1 µL, 10 µL, 100 µL, 1 mL and 10 mL of 60 µm – filtered pond water were added 

to the 400mL. Additionally, an undiluted control with 400 mL 60 µm-filtered pond water was 

prepared. Each dilution step (except for the control) was replicated three times per pond (32 

flasks in total). All experimental units were kept in a 20 ° C temperature controlled – climate 

chamber. Light conditions were 12:12 hours  light - dark cycle with a PAR (photosynthetic 

active radiation) intensity of 100 µmol photons m
-2

 sec 
-1

, which was determined by a LI-250A 

Light Meter (LI-COR Biosciences, USA). Bottles were randomly changed in position every 

day to reduce stochastic influence of the position on the shelf. Additionally, the bottles were 

shaken lightly every day. After an initial growth period (11 days) and the establishment of 

measurable biomass, every three to four days 10 % of each treatment was replaced by algae 

free filtrate.  

To survey species composition, subsamples were taken at day 17 and 24 after inoculation and 

fixed in Lugol’s iodine solution. 10 mL subsamples (2.5 % of the total experimental volume) 

were counted using an inverse microscope following the standard Utermöhl technique 

(Utermöhl 1958). Species presence was recorded by scanning the samples at 100 and 400-
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times magnification. To ensure that also rare species are taken into account, the complete 

surface area of the bottom of the sedimentation chamber was screened. Algae were determined 

to species level where possible. 

Diversity manipulation by disturbance 

Phytoplankton communities from the same ponds as described above for the dilution 

experiment were sampled in spring and filtered through 60 µm gauze to exclude small rotifers 

and mesozooplankton. 650 mL – cultivation bottles (Cell Star, Greiner Bio One, Germany) 

were filled with 400 mL of the 60 µm filtered pond water. Additionally, 7 L were filtered 

through glass fiber filters as above to produce an algae free filtrate serving as medium for 

regular water exchange. Five different disturbance treatments were assigned to the 

phytoplankton communities, namely 1, 2, 3, 5 and 10 disturbances per week. Each disturbance 

treatment was replicated three times with an additional set of three undisturbed control 

replicates per pond (36 experimental units in total). All treatments were kept in a climate 

chamber under the same controlled conditions as described for the dilution experiment. For 

disturbances, bottles were manually shaken for one minute. In field experiments one way of 

disturbance is to manipulate water column stratification and thereby resource distribution and 

mixing (like for example in Flöder and Sommer 1999). Stratification manipulations are not 

reasonable in small-scale bottle experiments. Hence, shaking was chosen as an intense 

disturbance mode (Hu et al. 2009) which will also alter nutrient distribution and shearing 

forces. Controls were not shaken at all. Once a week 10 % of each treatment was replaced by 

algae free filtrate. At day 11, 25 and 39 samples from each treatment were taken and fixed 

with Lugol’s iodine solution and afterwards analyzed microscopically such as described 

above. 

Data from both parts of the experiments were analyzed using SigmaPlot 11.0 (Systat Software 

2008) performing nonlinear and linear regression analyses. 

Treatments were compared by effect sizes, namely the relative differences in species richness 

between the tested levels of dilution or disturbance. 
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Community similarity among treatments 

To assess the similarity among replicates from the same experimental treatments (same 

dilution steps, same disturbance steps), species composition of all samples were pairwise 

compared to each other based on presence/absence data using the Sørensen similarity index (1; 

Clarke et al. 2014) in PRIMER 7 (Primer-e, New Zealand): 

S = 100 × 
2a

2a+b+c
 

With a being the number of species present in both samples, b being the number of species 

only present in the first sample but not in the second sample and c being the number of species 

only present in the second sample but not in the first. Means and standard errors of similarity 

indices between replicates were calculated from all pairwise comparisons within replicates of 

the same treatment and analyzed using regressions and ANOVAs in SigmaPlot 11.0 (Systat 

Software 2008). 

 

2.2 Field mesocosms: setting up diversity gradients  

Diversity gradients were established in natural freshwater phytoplankton communities in 

mesocosms in three lakes of differing nutrient status. This set-up was carried out twice in June 

and July of 2014 and 2015. All three lakes are situated in Upper Bavaria close to the 

Limnological Station Seeon of the LMU Munich and range from oligotrophic to mesotrophic 

status. Brunnensee = BS (N 47.984170 E 12.436148) is an oligotrophic lake fed by 

groundwater from subsurface springs with a maximum depth of 18.6 m and an area of 5.88 ha. 

Klostersee = KS is - with a maximum depth of 16 m and approximately 47 ha area - the largest 

of the three and has a meso-oligotrophic status (N 47.973492 E 12.455118). Thalersee = TS is 

a mesotrophic lake southwestward from the other two lakes with a maximum depth of 7 m and 

an area of 3.79 ha (N 47.906127 E 12.339043). Both Klostersee and Thalersee are not 

dominated by springs but have small inflows.  

(1) 
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In all three lakes 20/10 (2014/2015) mesocosms of transparent low density polyethylene foil 

were installed around an anchored raft at least 15 m from the shoreline. Mesocosms were 

cylindrical, 6 m (5 m in Lake Thalersee, due to its shallowness) deep and had a diameter of 

0.95 m, resulting in an approximate filling capacity of 4.2 x 10³ L (3.5 x 10³ L). On the top 

mescosoms were open to the atmosphere. They were filled with lakewater through 250 µm 

gauze to exclude meso- and makrozooplankton. Afterwards, a five week phase of regular 

disturbances followed (see table 1 for disturbance treatments) to establish phytoplankton 

communities of differing diversity within the mesocosms (also see Flöder & Sommer 1999, 

Hammerstein et al. 2017). All five treatments were replicated four times/twice (2014/2015) 

per lake. As disturbance, the stratified water column was perturbed for ten minutes using 

compressed air that was introduced into the mesocosms at the bottom. 

Table 1: Disturbance treatments during mesocosm field experiments (2014/2015) 

Treatment 1 2 3 4 5 

Disturbances per week 7 3.5 2.33 1.4 1 

 

 

2.2.1 Mesocosm sampling – Research topics 3 & 4 

During the phase of disturbance treatments at least once a week samples from every enclosure 

and lake were taken for analysis. The sampling comprised approximately 1 L of water taken 

from 0.5 m to 2.5 m depth (2 L integrated water sampler, KC Denmark, Denmark) and was 

split up for microscopy samples as well as light measurements. Additional water samples were 

taken in the same way for pigment analysis (see section 2.2.3). All samples were kept dark till 

processing. 

Phytoplankton microscopic identification 

Samples for microscopic identification were fixed with Lugol’s iodine and kept in brown glass 

bottles and stored in a dark place. For analyzes, phytoplankton was counted following 

standard Utermöhl procedure (Utermöhl 1958). Phytoplankton were determined on genus 

level and recorded by scanning two perpendicular transects (about 200 fields of view) of the 
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counting chamber. Thereby genera were counted to a minimum of 100 individuals to minimize 

counting error (Lund et al. 1958). Subsequently biovolume of cells was estimated according to 

Kremer et al. (2014) or estimated from earlier own measurements on algae from the same 

water bodies and calculations based on Hillebrand et al. (1999). 

Chlorophyll a fluorescence and light measurements 

Respective amounts of each sample were used for the following light measurements. After 

exciting the sample (25 mL) with differently coloured LEDs (λ: 450 nm, 525 nm, 570 nm, 610 

nm), the AlgaeLabAnalyser (spectrofluorometer, bbe Moldaenke, Germany) determines the 

chlorophyll a (Chl a) content of the sample and assigns it to different algal groups (“green”: 

Chlorophyta; “blue/bluegreen”: Cyanobacteria; “brown/chromophytes”: Bacillariophyceae, 

Chrysophyceae, Dinophyceae, “mixed”: Cryptophyta and phycoerythrin-containing algae). 

This is done based on group-specific excitation spectra (norm spectra, see Beutler et al. 

2002).Detailed information on photosynthetic parameters was gained by measurements with 

four AquaPen-C AP-C 100 (Photon Systems Instruments, Czech Republic) devices. These 

provide Chl a fluorescence transient data (including minimal fluorescence, F0) for excitation 

at eight different wavelengths (455 nm, 470 nm, 505 nm, 530 nm, 590 nm, 620 nm, 630 nm, 

white light). Light intensity of the light transmitted through a water column was measured in 

tubes of 0.01 m (IS) and 1 m (IL) length with a spectrometer (SpectraPen SP 100, Photon 

System Instruments). Thereby samples were illuminated by white light and the light intensity 

was measured over a spectrum from 325 nm to 790 nm in 2 nm steps. From these light 

intensities, the light attenuation coefficient k was calculated for each wavelength λ (1) and 

normalized to their maximum (2) to allow for the calculation of the area under the curve for 

the range of the photosynthetic active radiation spectrum (here 325 nm to 790 nm) AUC(PAR) 

(3). 

k(λ) = (ln(IL(λ)) – ln(IS(λ))) / 0.99      (1) 

k’(λ) = k(λ) / max[k(λ)]       (2) 

AUC(PAR) (k’) = ∑ (λ2 − λ1) [
k(λ1)+ k(λ2)

2
]

790

325
    (3) 
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Additionally, the area under the curve was separately calculated for the absorption range of 

Fucoxanthin AUC(Fuco) (4) and the ratio between this range and the total spectrum was  

analyzed. 

 AUC(Fuco) (k’) = ∑ (λ2 − λ1) [
k(λ1)+ k(λ2)

2
]

540

500
    (4) 

Data analysis for research topic 3 (loss of a trait) 

Pigment contents were analyzed as described in section 2.2.3. Data were analyzed in 

SigmaPlot 11.0 (Systat Software 2008) or in R (R Core Team 2015) using linear and nonlinear 

regressions and R-figures were saved using the devEMF package (Johnson 2017). For each 

regression, all samples with the respective data available were considered. 

 

2.2.2 Nutrient enrichment on diversity gradients – Research topic 2 

After diversity gradients were established in the mesocosms described in section 2.2, 

subsamples of the mesocosm communities were brought to the lab for a small-scale nutrient 

addition experiment under controlled conditions.  

Lab microcosms: nutrient enrichment 

After the disturbance phase, 200 mL from the surface water of each mesocosm were filled into 

cell culture flasks (Cell Star, Greiner Bio One, Germany) and transferred to a climate 

chamber. Samples were kept under permanent light with a PAR (photosynthetic active 

radiation) intensity of 60 µmol photons m
-2

 s
-1

 (determined by a LI-250A Light Meter; LI-

COR Biosciences, U.S.A.) and 20 °C for two weeks. Daily, Chl a concentration of all samples 

was measured by a Trilogy© Laboratory Fluorometer (Turner Designs, USA). Additionally, 1 

mL nutrient solution per sample was added, resulting in a daily nutrient input of 1 µmol x L
-1

 

phosphorus, 16 µmol x L
-1

nitrogen and silicon, approximately equaling Redfield-Brzezinski 

nutrient ratio (Redfield 1934, Brzezinski 1985). Nutrient solution was prepared by dissolving 

sodium nitrate (NaNO3), potassium dihydrogen phosphate (KH2PO4) and sodium metasilicate 

(Na2SiO3 × 5 H2O) in ultrapure water. At the beginning and at the end of the phase in the 
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climate chamber 10 mL subsamples fixed in Lugol’s iodine solution were gathered for 

microscopical analyses. These samples were analysed using an inverse microscope, following 

the Utermöhl method (Utermöhl 1958). Samples were scanned completely for species 

composition at 200 and 400 times magnification. Phytoplankton were determined at genus 

level. 

Data analysis 

Results from the microscopic counting were further processed to analyze the community 

composition in the course of the nutrient enrichment. Therefore the Sørensen similarity index 

between beginning and end samples was calculated with the same formula as described in 

section 2.1, this time using the designdist function from the vegan package (Oksanen et al. 

2017) in R (R Core Team 2015). Additionally, with the same function, a presence-absence 

based species-exchange ratio (1; after Hillebrand et al. 2017) between beginning and end of 

nutrient enrichment in the experiment was calculated:  

 𝑆𝐸𝑅 =
𝑆𝑛+ 𝑆𝑙

𝑆𝑡
 

with Sn equaling the number of species new to the second sample (present only in end 

sample), Sl being the number of genera lost from the first sample (uniquely in starting sample) 

and St depicting the total number of genera across both samples. 

From Chl a measurements the coefficient of variation (CV) was calculated for every sample 

over the time of nutrient enrichment as stability indicator. CVs were gained by dividing the 

standard deviation by the mean calculated from all Chl a values during the two week nutrient 

addition phase of each community. 

To assess the relationship between response variables like the CV, the species exchange ratio 

or similarity and possible explanatory variables, linear mixed effects analyses were performed 

in R (R Core Team 2015), using the lmer function of the lme4 package (Bates et al. 2015). 

Initial genus richness and disturbance frequency were considered as fixed effects while the 

originating lake, the year in which the experiment took place, relative and absolute genus loss 

during nutrient enrichment and maximum Chl a content were entered as random variables. To 

(1) 
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obtain p-values, models with the effect in question were compared to models without the 

effect in question by likelihood ratio tests. For an overview over relationships, data were 

analyzed (scatter plots and linear regressions) with SigmaPlot 11.0 (Systat Software 2008) or 

R (R Core Team 2015) using again the devEMF package (Johnson 2017) to export graphs. 

 

2.2.3 Pigment based assessment of phytoplankton community 

composition - Research topic 4 

For research topic 4 samples were analyzed from the phase of disturbance within the 

mesocosms in summer 2014 as well as samples that were taken from the same mesocosms 

after the disturbances were finished and zooplankton was introduced in half of the enclosures 

for additional experiments (between July and September 2014). Samples were taken and 

analyzed in the same way as described in section 2.2.1. In addition to the above described 

fluorometric and microscopical analyses, HPLC and CHEMTAX were used to assess 

phytoplankton community composition as described below. Based thereupon fluorometric 

measurements from the AlgaeLabAnalyser were compared to the results from HPLC and 

CHEMTAX analyses. 

In vitro chromatographic analysis (HPLC) 

For the HPLC analyses, up to 1000 mL of the water samples from the lakes were filtered onto 

precombusted glass fiber filters (Ø 25 mm, GF/F, VWR, Germany). The filters were wrapped 

in aluminium foil and stored at -20 °C until analysis. Seston samples were extracted with 3.5 

mL 100% acetone (HPLC grade) each, sonicated for 2 min and then placed on ice for 1 min. 

This was repeated five times, resulting in a total of 10 min sonication and extraction time. 

Subsequently, the filters were kept at 4 °C over night to allow for further extraction. On the 

following day, the filters were removed from the tubes and the extracts were centrifuged for 

15 min at 4500 x g (Eppendorf Centrifuge 5804, Eppendorf, Germany) to remove cell and 

filter debris. 1 ml of the extracts were transferred to new tubes, evaporated to dryness under a 

gentle stream of nitrogen gas, re-dissolved in 100 µl acetone and transferred to HPLC vials. 

To correct for sample loss during the evaporation, we used trans-β-apo-8’-carotenal as an 
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internal standard (ISTD). 100 ng of ISTD were added to 1 ml of extract prior to evaporation. 

25 - 50 µl per sample were injected into the HPLC system. All samples were measured within 

72 hours after extraction. 

A Prominence HPLC System from Shimadzu (Japan) equipped with a binary pump (LC-

20AB), an autosampler SIL-A20C, a column oven CTO-10AC set at 40°C and a diode array 

detector (PDA) SPD-M20A was used for the analysis of phytoplankton pigments. A reverse 

phase Spherisorb ODS2 column was used (stationary octadecyl-phase (C18), dimensions: 25 

cm x 4.6 mm, particle size: 5 µm). Pigments were separated with a method modified after 

Garrido and Zapata (1993): The solvents used were methanol : 1 M ammonium acetate : 

acetonitrile (50:20:30, v/v, Solvent A) and acetonitrile : ethyl acetate (50:50, v/v, Solvent B). 

The gradient system used was as follows: 0 min: A: 90%, B: 10%; 2 min: A: 90%, B: 10%; 26 

min: A: 40%, B: 60%; 28 min: A: 10%, B: 90%; 30 min: A: 10%, B: 90%. The composition of 

the solvents was returned to initial conditions over a 1 min gradient, followed by 2 min of 

system re-equilibration before the next sample was injected. The flow rate was 1 ml min
-1

. 

Absorbance was recorded in the PDA from 350 to 700 nm. Pigments were identified by the 

retention times and the absorption spectra, which were obtained from previous measurements 

of the pure pigment standards. Peak areas were integrated at 436 nm and corrected for internal 

standard. For the quantification of the pigments, calibration curves were estimated by 

measuring at least five different amounts of each pigment standard in triplicates and fitting a 

linear regression between the amount of the pigment and the observed peak area at 436 nm. 

Limit of detection and limit of quantification were determined as described in Hooker et al. 

(2005).    

Based on phytoplankton groups usually present in the examined lakes (data from long-term 

monitoring), ten pigment standards were chosen, of which nine were obtained from DHI 

Water (Hoersholm, Denmark): alloxanthin (marker pigment for cryptophytes), β-carotene, Chl 

a, chlorophyll b (marker pigment for chlorophytes), diatoxanthin, echinenone (marker pigment 

for cyanobacteria), fucoxanthin (marker pigment for chrysophytes and diatoms), lutein 

(another marker pigment for chlorophytes) and zeaxanthin (usually used as the only marker 

pigment for cyanobacteria (Havskum et al. 2004, Lewitus et al. 2005, Llewellyn et al. 2005), 
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but also shared with other groups like chlorophytes). Peridinin (marker pigment for 

dinoflagellates, extracted from Symbiodinium spp. following the protocol from Rogers and 

Marcovich 2007) was kindly provided by D. Langenbach from the group of M. Melkonian at 

the University of Cologne. With the solvent gradient described above, all pigment peaks could 

be separated to the baseline except for lutein and zeaxanthin. Although well separated, 

diatoxanthin was excluded from the subsequent CHEMTAX analysis as it was detected in 

very low amounts and only in few samples. Also, β-carotene was excluded as it did not have 

any effect on the output data (previous CHEMTAX runs, data not shown). 

CHEMTAX and data analysis 

The recently published (Schlüter et al. 2016) pigment : Chl a ratio matrices had been 

established for lakes from oligotrophic to eutrophic status, including the three lakes from this 

study. These ratio matrices should thus be highly suitable for our study and were therefore 

used to calculate the contribution of six phytoplankton groups (chlorophytes, cryptophytes, 

cyanobacteria, chrysophytes, diatoms and dinoflagellates) to the total Chl a via CHEMTAX 

(Mackey et al. 1996; version 1.95 provided by S. Wright).  

For CHEMTAX calculations, 60 different ratio matrices were generated from the initial ratio 

matrices (separately for the oligotrophic lake and for the meso-oligotrophic/mesotrophic 

lakes). 10 % (n = 6) of the matrices with the lowest residual root mean square (RMS) were 

averaged and used as new input ratio matrices. Runs were repeated using final ratio matrices 

from every previous run as input ratio matrix for the next run. This was repeated until the 

ratios became stable. For details on this procedure, see Latasa (2007) and Higgins et al. 

(2011). Parameters used within CHEMTAX were set as recommended by Mackey et al. 

(1996) and S. Wright (pers. comm.): ratio limits: 500 (this allowed initial pigment ratios to 

vary from r/6 to 6r, in total a 36-fold change), weighting: bounded relative (error by pigment, 

see Latasa 2007), iteration limit: 100, epsilon limit: 0.0001, initial step size: 10, step ratio: 1.3, 

cutoff step: 100, elements varied: 5, subiterations: 1, weight bound: 30. For explanations, see 

Mackey et al. (1996).  
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Subsequently, the HPLC derived pigment concentrations and the CHEMTAX derived 

biomasses of the phytoplankton groups (in units of Chl a) were used to calculate Shannon-

Diversity Indices (1) as estimates of pigment and phytoplankton diversity (Shannon and 

Weaver, 1949) with the following equation: 

𝐻′ =  − ∑ pi  ×  ln(pi) 

with pi being the proportion of the pigment or phytoplankton class relative to the total amount 

of the pigments or the total biomass, respectively.  

Shannon-Diversity Indices were calculated from the CHEMTAX data, following two 

approaches: first, the contributions of chrysophytes, diatoms and dinoflagellates to the total 

Chl a were summed up to one single data point per sample, to be comparable to biomass 

estimates for the brown group as assigned by the AlgaeLabAnalyser. Thereby, we were able to 

calculate and compare the Shannon-Indices based on the biomass estimates of the four groups 

(chlorophytes, chromophytes, cryptophytes and cyanobacteria) from both methods 

(spectrofluorometrically and chromatographically estimated biomass). The second approach 

was to calculate the Shannon-Indices using the biomass estimates for all six phytoplankton 

groups, as CHEMTAX was able to discriminate between the subgroups of the chromophytes 

(see above).  

To compare the biomass (given as total Chl a, in the following abbreviated as TChl a) and 

biodiversity estimates from the AlgaeLabAnalyser with those from HPLC and CHEMTAX, 

we estimated the Spearman correlation coefficient, rs, as the data were not normally 

distributed. Additionally, the ratio between the estimates from the AlgaeLabAnalyser and 

CHEMTAX was calculated: RLAB/CHEM. The ratios and the biodiversity estimates were tested 

for normality with the Shapiro-Wilk test, while the homogeneity of variances was tested with 

Levene’s test. One-Way ANOVAs were performed for all four phytoplankton groups, with the 

ratio RLAB/CHEM as the dependent variable and trophic status of the lakes as the independent 

variable, followed by the post-hoc Tukey HSD-test (α = 0.05). Alternatively, when the data 

was not normally distributed and variances were heterogeneous, the nonparametric Kruskal-

Wallis test was applied on both the ratios RLAB/CHEM and the biodiversity estimates, followed 

(1) 
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by the post-hoc Dunn’s test.  All calculations, statistics and figures were performed in R 

(version 3.3.1, R Core Team, 2016), using the packages agricolae (version 1.2.4, 

de Mendiburu 2016), car (version 2.1.3, Fox and Weisberg 2011), ggplot2 (version 2.1.0, 

Wickham 2009), PMCMR (version 4.1, Pohlert 2014) and vegan (version 2.4.1, Oksanen et al. 

2016). 
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3. Results 
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3.1 Directed diversity manipulations of natural phytoplankton 

communities 

Diversity manipulation by dilution 

Manipulation of primary producer communities by dilution resulted in distinct diversity 

gradients in both, the oligotrophic and the eutrophic pond (Fig. 1). After 17 days a diversity 

gradient following a nonlinear, logarithmic regression between dilution and species richness 

had formed in phytoplankton communities from both ponds. These gradients could also be 

found one week later at day 24. In the oligotrophic pond (day 17) per each experimental step 

of dilution on average 2.59 species more were found in the treatments (Fig. 1a, Table 1). A 

similar relationship was seen at day 24 (Fig. 1b, Table 1). While the lowest dilution for the 

oligotrophic pond resulted in a species richness between 4 and 9, the eutrophic treatments at 

the same dilution had 9 to 18 species. Although on a different level of species richness, the 

eutrophic pond showed the same pattern between dilution and species richness as the 

oligotrophic pond. After 17 days there were around 2.16 species difference between two 

exponential dilution steps (Fig. 1c, Table 1). A similar relationship was also seen at day 24 

(Fig. 1d, Table 1). 

Table 1: Species richness gradients - regression results for figures 1 - 3. 

pond treatment day of exp. n p R² df equation Fig. 

BZ dilution 17 16 < 0.0001 0.68 15 y = 13.69 + 2.59 × log(x) 1a 

BZ dilution 24 16 0.0018 0.51 15 y = 11.33 + 1.47 × log(x) 1b 

IZB dilution 17 16 0.0046 0.45 15 y = 17.85 + 2.16 × log(x) 1c 

IZB dilution 24 16 0.0006 0.59 15 y = 21.42 + 2.88 × log(x) 1d 

BZ disturbance 39 18 0.0088 0.47 17 y = 31.17 × e
(-0.5 × ((x-5.75)/6.22)²) 

2c 

IZB disturbance 25 18 < 0.0001 0.67 17 y = 27.35 + 1.79 × x 3b 

IZB disturbance 39 18 < 0.0001 0.73 17 y = 23.27 + 30.59 × x / (4.06 + x) 3c 
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Figure 1: Species richness versus the proportion of pond water (< 60 µm) [%] at days 17 and 24 (in treatments with 

oligotrophic pond BZ and eutrophic pond IZB communities). Gray lines indicate 95 % confidence bands. a) Pond BZ 

at day 17. b) Pond BZ at day 24. c) Pond IZB at day 17. d) Pond IZB at day 24. For regression results see Table 1. 
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Diversity manipulation by disturbance 

In the treatments originating from the oligotrophic pond we observed a distinct diversity 

gradient at day 39 of the experiment. After 11 and 25 days no distinct pattern between 

disturbance frequency and species numbers could be found (Fig. 2a and b). At day 39 

however, species numbers showed a hump-shaped response to disturbance frequency. 

Moderate frequencies of three and five times per week resulted in the highest species numbers 

(Fig. 2c, Table 1). 

 

 

 

 

 

 

 

 
Figure 2: Species richness at days 11, 25 and 39 versus disturbance frequency in the oligotrophic pond BZ. a) Pond BZ 

at day 11. b) Pond BZ at day 25. c) Pond BZ at day 39, gray lines indicate the 95 % confidence bands. For regression 

results see Table 1. 

 

In the eutrophic pond treatments a diversity gradient was visible after 25 days. At day 11 no 

distinct diversity pattern could be observed (Fig. 3a). At day 25 the diversity gradient followed 

a linear relationship between disturbance frequency and species richness. Each additional 

weekly disturbance event resulted on average in a diversity increase of about 1.8 species. (Fig. 

3b, Table 1. After 39 days of disturbances a diversity gradient was still visible, following a 

hyperbolic function (Fig. 3c, Table 1).  
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Figure 3: Species richness at days 11, 25 and 39 versus disturbance frequency for the eutrophic pond IZB; gray lines 

represent 95 % confidence bands. a) Pond IZB at day 11. b) Pond IZB at day 25. c) Pond IZB at day 39. For regression 

results see Table 1. 

 

Similarity among treatment replicates 

In the dilution experiment, community similarity among treatments changed with the different 

dilution steps. The high dilution treatments containing the lowest amount of 60 µm filtrate 

showed lower similarity than those at lower dilution steps. The treatments from the eutrophic 

pond showed a significant increase of similarity among replicates with decreasing dilution 

(Fig. 4b, Table 2) while the oligotrophic pond showed the same pattern not significant at 5% 

significance level (Fig. 4a, Table 2). Additionally, the variation in community similarity 

among replicates of the same dilution treatments gets smaller with decreasing dilution in the 

oligotrophic pond treatments (logarithmic regression of coefficients of variation of similarity 

values of each dilution level, y = 0.06 – 0.15 × log(x), n = 5, R² = 0.98, p = 0.0014, df = 4). 

Within disturbance treatments, no clear pattern between manipulations and community 

similarities could be found. Only the treatments from the eutrophic pond showed a linear 

increase of similarity between treatments with higher disturbance frequency (Fig. 4d, Table 2). 

In the treatments from the oligotrophic pond we could not find such a relationship between 

disturbances and community similarities (Fig. 4c).  
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Figure 4: Similarity values (%) of species presence/absence data of all possible pairwise comparisons between the three 

replicates of each treatment in both ponds, gray lines indicating 95 % confidence intervals. a) Pond BZ at day 24 in the 

dilution experiment. b) Pond IZB at day 24 in the dilution experiment. c) Pond BZ at day 39 of the disturbance 

experiment. d) Pond IZB at day 39 of the disturbance experiment. For regression results see Table 2. 
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Table 2: Similarity - regression results for figure 4. 

pond treatment day of exp. n p R² df equation Fig. 

BZ dilution 24 15 0.12 0.18 14 y = 53.90 × x / (0.0001 + x) 4a 

IZB dilution 24 15 0.031 0.31 14 y = 63.85 × x / (0.00009 + x) 4b 

IZB disturbance 39 18 0.006 0.39 17 y = 61.99 + 2.5 × x 4d 
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3.2 Diversity gradients and nutrient enrichment – comparing effects of 

natural diversity differences with effects of short-term experimental 

manipulations of diversity 

In all three lakes and during both years, manipulation of phytoplankton communities by 

disturbance led to diversity gradients spanning six to 21 genera between lowest and highest 

diversity communities in each lake (Fig. 1). These communities were the basis for the second 

part of the experimental setup concerning nutrient enrichment. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Genus richness of all communities after the disturbance phase and before nutrient enrichment in the lab 

started (black = BS, blue = KS, purple = TS, circles = 2014, triangles = 2015) 
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Community growth responses 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Chl a (µg L-1) development during two weeks of nutrient enrichment in a) 2014 and b) 2015 (mean values of 

all communities from one lake are shown with standard error of the mean; black = BS, blue = KS, purple = TS, circles 

= 2014, triangles = 2015) 
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During the two weeks of nutrient enrichment phytoplankton communities overall showed 

enhanced biomass production (shown as Chl a content in µgL
-1

) although communities 

originating from different lakes tended to respond on different scales (Fig. 2). Communities 

from the meso-oligotrophic lake showed the highest growth responses while Thalersee 

(mesotrophic) communities developed less pronounced responses on lower Chl a levels and 

with lower deviation amongst the different sample communities. Compared to the other two 

lakes, I could observe intermediate growth responses in the communities originating from 

oligotrophic Lake Brunnensee. During the experiment, some communities already showed a 

peak and subsequent decline in Chl a concentrations, indicating a breakdown of the 

phytoplankton community. 

Community stability 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Coefficient of variation of the communities’ Chl a development during nutrient enrichment versus initial 

genus richness (linear regression: y = 1.21 – 0.016 × x, R² = 0.19, p = 0.0003, n = 63, df = 62, dashed lines indicate 95 % 

confidence interval; black = BS, blue = KS, purple = TS, circles = 2014, triangles = 2015) 
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Figure 4: Coefficient of variation of the communities’ Chl a development during the  nutrient enrichment versus initial 

genus richness, means of all samples from one lake and one year (error bars depict the standard error of the mean of 

each group; black = BS, blue = KS, purple = TS, circles = 2014, triangles = 2015) 

 

As an indicator for stability, the coefficient of variation of Chl a development during nutrient 

addition was calculated. Pooled analyses of all samples display a negative linear relationship 

between the coefficient of variation and the genus richness of a community at the start of the 

nutrient enrichment phase (Fig. 3, y = 1.209 – 0.016 × x, n = 63, R² = 0.19, p = 0.0003, df = 

62). Thus, with higher genus richness in the phytoplankton community, stability - in terms of a 

decreasing coefficient of variation – increases. Nonetheless, the samples group together by 

their respective lake of origin and the year in which the experiment took place (Fig. 3). When 

computing means of all samples from one lake in one year, the mesotrophic communities with 

the highest starting diversity also exhibited the lowest coefficient of variation and with that the 

highest stability (Fig. 4). The oligotrophic lake (black, Fig. 4) with the lowest genus richness 

in the beginning shows higher values of the coefficient of variation while the meso-

oligotrophic lake communities seemed to react differently in the two years of the experiment. 
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The linear mixed effects analysis addressing the relationship between the coefficient of 

variation as response variable and genus richness lead to a model including initial genus 

richness as fixed effect and lake and year as random effects. Thereby lake (χ² (df = 1) = 30.13, 

p < 0.0001) and year (χ² (df = 1) = 11.67, p = 0.00064) affected the coefficient of variation in 

addition to the start genus richness (as discussed above). This suggests that, apart from the 

genus richness, the lake of origin and the time the experiment took place influence the stability 

during nutrient enrichment. Thereby the influence of the lake “identity” seemed to be stronger 

than that of the experimental year. When analyzing the samples separately for each lake and 

year with regressions, I did not find overall comparable patterns but different, mostly non-

significant reactions within each lake (see colors and symbols in Fig. 3). 

Community integrity 

When looking at the relative genus loss in the samples that occurred during the nutrient 

enrichment phase (Fig. 5), the higher diverse communities relatively lost fewer genera then 

communities with an already lower diversity in the beginning. Taking absolute loss values 

instead, there was no apparent difference between the samples (data not shown). A one way 

ANOVA of the relative genus losses between the lakes showed significant differences 

between the mean values of the different groups (F(5,62) = 3.6, p = 0.007). Specifically the 

datasets of Lake Klostersee depicted the highest differences between 2014 and 2015 when 

compared pairwise. A one way ANOVA of the absolute genus losses between the lakes on the 

contrary did not show any significant differences between the 6 groups. 
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Figure 5: Relative genus losses during the nutrient enrichment versus initial genus richness, means of all samples from 

one lake and one year (error bars depict the standard error of the mean of each group; legend to symbols: black = BS, 

blue = KS, purple = TS, circles = 2014, triangles = 2015) 

 

Similarity between the samples from beginning and end of the nutrient enrichment phase 

increased with rising initial genus richness (Fig. 6, linear regression: y = 32.5 + 0.65 × x, n = 

63, R² = 0.11, p = 0.0068, df = 62). Again, this was observed when analyzing the pooled data 

from all lakes and years together, single lakes showed varying responses. Linear mixed effects 

analysis addressing the relationship between similarity as response variable and genus richness 

lead to a model including the same variables as already in the coefficient of variation model. 

Lake (χ² (df = 1) = 7.29, p = 0.0069) and year (χ² (df = 1) = 17.95, p < 0.0001) affected the 

similarity in addition to genus richness at start (see results for Fig. 6). Opposing the first model 

for CVs, the influence of the year seemed to be stronger than that of the lake identity in this 

analysis. 
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Figure 6: Similarity between the communities at start and end of the nutrient enrichment of each sample versus initial 

genus richness (linear regression: y = 32.5 + 0.65 × x, R² = 0.11, p = 0.0068, n = 63, df = 62, dashed lines indicate 95 % 

confidence interval; black = BS, blue = KS, purple = TS, circles = 2014, triangles = 2015) 

 

Consistent with the results for similarity, the species-exchange ratios between beginning and 

end showed a significant decline with higher starting genus richness (Fig. 7, 0.82 – 0.006 × x, 

R² = 0.11, p = 0.0072, n = 63, df = 62) in the pooled analysis. Again, single lakes showed 

varying responses. Similar to the linear mixed effects analysis for similarity indices, the 

analysis for species-exchange ratios resulted in a model including lake and year as random 

effects with year (χ² (df = 1) = 18.2, p < 0.0001) stronger impacting species-exchange ratios 

than lake (χ² (df = 1) = 7.26, p = 0.007).  
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Figure 7: Presence-absence based species exchange ratio (SER) between the communities at start and end of the 

nutrient enrichment of each sample versus initial genus richness (linear regression: y = 0.82 - 0.006 × x, R² = 0.11, p = 

0.0072, n = 63, df = 62, dashed lines indicate 95 % confidence interval; legend to symbols: black = BS, blue = KS, 

purple = TS, circles = 2014, triangles = 2015) 
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3.3 Group specific trait losses from phytoplankton communities 

Disturbance treatments in the mesocosms resulted in different phytoplankton communities 

between replicates. These different communities exhibited varying proportions of diatoms to 

total phytoplankton quantity. While the lakes themselves had diatom proportions of about 5 - 

20 % (initially, at start of experiment), the manipulated enclosures ranged from 15 – 80 % 

diatom content (relating to biovolume; calculated after microscopic counting). 

With an increasing abundance of diatoms in the experimental mesocosms (microscopic 

counting) the portion of fucoxanthin in relation to chlorophyll a (Chl a; pigment analysis) rose 

significantly (Fig. 1, linear regression, y = 0.13 + 0.10 × x, n = 63, R² = 0.19, p = 0.00033, df 

= 62). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Fucoxanthin to Chl a ratio (pigment analysis) versus portion of diatom volume within the phytoplankton 

community (linear regression: y = 0.13 + 0.10 × x, R² = 0.19, p = 0.00033, n = 63, df = 62, dashed lines indicate 95 % 

confidence interval) 
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Depending on the lake of origin of the different phytoplankton communities, different 

proportions of diatoms in the community could be found at diverse range of Chl a biomass. 

Noticeable is thereby, that communities from Lake Brunnensee span a range of diatom 

proportions while at the same time staying at relatively constant Chl a values per liter. Both, 

communities from Klostersee as well as Thalersee, show higher overall biomasses (Chl a 

values) and span a wider range of biomass content with varying diatom proportions (Fig. 2). 

To measure and compare community-dependent light attenuation, systems with similar 

biomass and thereby less confounding effects are of advantage. Such a situation is given in 

Lake Brunnensee, therefore communities from that lake were chosen for analysis of their light 

attenuation in dependence of diatom content.   

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Proportion of diatoms in phytoplankton community versus Chla content [µg × L-1] (pigment analysis); black: 

mesocosms in Brunnensee, blue: mesocosms in Klostersee, purple: mesocosms in Thalersee  
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Additional to an increase of the pigment fucoxanthin relative to Chl a, the light absorbed by 

the water column containing the phytoplankton communities changed. Representing the 

absorbance maximum of fucoxanthin, the portion of light absorbed between 500 and 540 nm 

was divided by the whole of absorbed light between 325 and 790 nm. This ratio also increased 

significantly with a rising proportion of diatoms in the communities from Lake Brunnensee 

(Fig. 3, nonlinear regression, y = 0.157 × x / (0.001 + x), n = 43, R² = 0.38, p < 0.0001, df = 

41) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Light attenuation: ratio of 500 – 540 nm to 325 – 790 nm versus proportion of diatoms in phytoplankton 

communities originating from Lake Brunnensee (nonlinear regression: y = 0.157 × x / (0.001 + x), R² = 0.38, p < 0.0001, 

n = 43, df = 41, dashed lines indicate 95 % confidence interval) 

 

Considering the fate of the light absorbed by different communities, Chl a fluorescence was 

examined in communities from all three lakes. Thereby the F0 of the photosystem II (PS II; 

minimal fluorescence; emitted with all reaction centers open) ratio of the mean of 505 nm and 

530 nm to 455 nm was calculated to depict the light absorption allotted to the fucoxanthin 
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absorption maximum compared to the maximum value of fluorescence usually gained at 455 

nm (Chla). These ratios also showed a significant positive relationship with increasing diatom 

content in the phytoplankton communities (Fig. 4, linear regression, y = 0.24 + 0.05 × x, n = 

126, R² = 0.03, p = 0.049, df = 125). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Chl a fluorescence: F0 (0.5 × (505 nm + 530 nm)) / 455 nm versus proportion of diatoms in phytoplankton 

community (linear regression: y = 0.24 + 0.05 × x, R² = 0.03, p = 0.04937, n = 126, df = 125, dashed lines indicate 95 % 

confidence interval) 
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3.4 Comparison of different techniques to assess phytoplankton 

diversity 

Pigment composition (HPLC) 

The most abundant accessory pigment (all analyzed pigments - Chl a; given as an average over 

the whole duration of the experiment, including both mesocosms and the lake itself) in the 

oligotrophic lake was zeaxanthin (37 %), followed by fucoxanthin (36 %), while the relative 

abundance of alloxanthin (marker pigment for cryptophytes) was even below 0.5 %. In both 

the meso-oligotrophic and the mesotrophic lake, the most abundant accessory pigment was 

fucoxanthin (34 % and 30 %, respectively). Also, in both lakes, zeaxanthin (31 % and 18 %) 

and chlorophyll b (marker pigment for chlorophytes) were found in high relative abundances 

(zeaxanthin 31 %, 18 %; chlorophyll b 19 % and 22 % respectively). While peridinin (marker 

pigment for dinoflagellates) was moderately abundant in both the oligotrophic (14 %) and the 

mesotrophic (16 %) lake, only 1% was found in the meso-oligotrophic lake. The pigment 

diversity per sample ranged from 0.57 to 1.39 and was on average 1.11.  

CHEMTAX final output ratio matrices   

The final output ratio matrices from CHEMTAX calculations for all three lakes can be found 

in Table 1. Both the final output peridinin : Chl a and echinenone : Chl a ratios were lower in 

all three lakes compared to the input ratios from Schlüter et al. (2016).      

Zeaxanthin : Chl a ratios for the cyanobacteria were found to be higher in the output ratio 

matrices from the oligotrophic and the meso-oligotrophic lake, while the final output 

zeaxanthin : Chl a and chlorophyll b: Chl a ratios for the chlorophytes were lower compared to 

the input ratios. In the mesotrophic lake, the opposite was the case. 

While fucoxanthin : Chl a ratios between the diatoms and the chrysophytes were similar in 

both input ratio matrices, the ratios changed during the CHEMTAX calculations: in the 

oligotrophic lake, the final output fucoxanthin : Chl a ratio for chrysophytes was higher than 

the fucoxanthin : Chl a ratio for diatoms (0.463 and 0.104, respectively). Interestingly, in both 

the meso-oligotrophic and the mesotrophic lake, the final output fucoxanthin : Chl a ratio for 
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chrysophytes was found to be much lower than the fucoxanthin : Chl a ratio for diatoms 

(0.032 and 0.685 in the meso-oligotrophic lake and 0.044 and 0.399 in the mesotrophic lake, 

respectively).  

Table 1: Final pigment : Chl a ratio matrices after CHEMTAX calculations for each of the lakes: oligotrophic 

(Brunnsee), meso-oligotrophic (Klostersee) and mesotrophic lake (Thalersee). Allo: alloxanthin, Chl b: chlorophyll b, 

Echi: echinenone, Fuco: fucoxanthin, Lut: lutein, Peri: peridinin, Zea: zeaxanthin. 

  Allo Chl b Echi Fuco Lut Peri Zea 

Oligotrophic lake 

         Chlorophytes 0 0.276 0 0 0.131 0 0.002 

  Cryptophytes 0.228 0 0 0 0 0 0 

  Cyanobacteria 0 0 0.012 0 0 0 0.554 

  Chrysophytes 0 0 0 0.463 0 0 0.014 

  Diatoms 0 0 0 0.104 0 0 0.019 

  Dinoflagellates 0 0 0 0 0 0.340 0 

Meso-oligotrophic lake 

         Chlorophytes 0 0.264 0 0 0.139 0 <0.001 

  Cryptophytes 0.162 0 0 0 0 0 0 

  Cyanobacteria 0 0 0.024 0 0 0 0.538 

  Chrysophytes 0 0 0 0.032 0 0 <0.001 

  Diatoms 0 0 0 0.685 0 0 0.002 

  Dinoflagellates 0 0 0 0 0 0.367 0 

Mesotrophic lake 

         Chlorophytes 0 0.363 0 0 0.165 0 <0.001 

  Cryptophytes 0.147 0 0 0 0 0 0 

  Cyanobacteria 0 0 0.030 0 0 0 0.400 

  Chrysophytes 0 0 0 0.044 0 0 <0.001 

  Diatoms 0 0 0 0.399 0 0 <0.001 

  Dinoflagellates 0 0 0 0 0 0.401 0 
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Total biomass 

The biomasses per sample, given as total chlorophyll a (TChl a), ranged between 0.01 and 

11.51 µg TChl a L
-1

, as determined with the AlgaeLabAnalyser, and between 0.22 and 12.92 

µg TChl a L
-1

, as determined via HPLC (Fig. 1a). Average TChl a per lake was higher when 

determined with AlgaeLabAnalyser (0.86 in the oligotrophic, 1.27 in the meso-oligotrophic 

and 3.19 µg L
-1

in the mesotrophic lake) compared to the values determined via HPLC (0.53, 

1.26 and 2.01 µg L
-1

, respectively). Despite those differences, we found a high positive 

correlation for the estimated TChl a between the two methods (rs = 0.82, Table 2) across all 

three lakes. The ratio RLAB/CHEM for TChl a was 1.47 and differed significantly from the 1:1 

relationship (Table 3). The best match between the two methods was found in the meso-

oligotrophic lake (Kruskal-Wallis test, χ
2
2,559 = 144.57, p < 0.001, Table 4), where the ratio 

RLAB/CHEM was not significantly different from 1 (value of 1 included in the 95% confidence 

interval, Table 3). 

 

 

 

 

 

 

 

 

 

 

Figure 1: a) TChl a concentration (µg L-1) and b) phytoplankton diversity H’ (Shannon-Index) determined 

spectrofluorometrically in vivo with the AlgaeLabAnalyser (y-axis) and chromatographically in vitro via HPLC and 

CHEMTAX (x-axis). The dashed lines represent the 1:1 relationship. Color of the circles represents the trophic state of 

the lakes, blue: oligotrophic (n=186); light green: meso-oligotrophic (n=187); dark green: mesotrophic (n=189); n in 

parentheses indicates the number of water samples per lake used in the study. 
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Table 2: Spearman rank correlation coefficients (rs) between the Chl a concentrations (µg L-1) determined 

fluorometrically with AlgaeLabAnalyser and chromatographically via HPLC and CHEMTAX estimated across all 

lakes and for each lake separately; significance levels are indicated with asterisks: * p < 0.05, *** p < 0.001. 

Chlorophyll a              

(µg L
-1

) 
 

All lakes 
 

oligotrophic 
 

meso-oligotrophic 
 

mesotrophic 

  rs (n = 562)    rs (n = 186)   rs (n = 187)   rs (n = 189) 

Total 
 

0.82*** 
 

0.56*** 
 

0.59*** 
 

0.71*** 

Chlorophytes 
 

0.19*** 
 

-0.06 
 

0.41*** 
 

0.26*** 

Chromophytes 
 

0.77*** 
 

0.66*** 
 

0.72*** 
 

0.62*** 

Cryptophytes 
 

0.62*** 
 

0.15* 
 

0.33*** 
 

0.5*** 

Cyanobacteria   0.07   0.17*   0   -0.12 

 

Phytoplankton community composition and biodiversity 

The phytoplankton communities of all three lakes were strongly dominated by chromophytes, 

as determined by AlgaeLabAnalyser (given as an average over the whole duration of the 

experiment, including both mesocosms and the lake itself). Their relative abundance ranged 

from 55 % in the meso-oligotrophic lake to 76 % in the oligotrophic lake. The second most 

abundant group in the meso-oligotrophic as well as the mesotrophic lake were cryptophytes 

(32 % and 23 %, respectively), while the chlorophytes were the second most abundant group 

in the oligotrophic lake (16 %). Cyanobacteria were found only in very low abundances being 

even below 2 %.  

With CHEMTAX, we were able to differentiate between the subgroups of chromophytes 

(chrysophytes, diatoms and dinoflagellates) and thus received a higher taxonomical resolution 

of the phytoplankton community composition as compared to results from the 

AlgaeLabAnalyser. According to CHEMTAX calculations, in the oligotrophic lake, diatoms 

were the most abundant phytoplankton group (46 %), followed by cyanobacteria (15 %), 

dinoflagellates (14 %) and chrysophytes (14 %), while the relative abundance of cryptophytes 

was below 1 %, as indicated by a very low amount of alloxanthin (0.36 %). In both the meso-
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oligotrophic and the mesotrophic lake, we found high relative abundances of chrysophytes (43 

% and 36 %, respectively). Indicated by high amounts of zeaxanthin, chlorophyll b and lutein, 

chlorophytes (22 %) formed the second most abundant phytoplankton group in the meso-

oligotrophic lake, followed by cyanobacteria (16 %). In the mesotrophic lake which was 

dominated by chrysophytes and diatoms (in total 55 %), as indicated by high amounts of 

fucoxanthin, the other 4 phytoplankton groups were all present in relatively similar 

abundances, ranging from 8 % (cryptophytes) to 13 % (chlorophytes).  

In almost 64 % of the samples, only one or two functional groups were found by the 

AlgaeLabAnalyser, while three or four groups were found in the remaining 36 % of the 

samples. With CHEMTAX, all four phytoplankton groups were found in 86 % of all samples, 

while the rest of the samples showed a functional richness of three.  

Phytoplankton diversity (Shannon-Diversity Index) based on the biomass estimates of four 

phytoplankton groups (chlorophytes, chromophytes, cryptophytes and cyanobacteria) from the 

AlgaeLabAnalyser ranged from 0 (only one group present) to 1.37 and was on average 0.59 

across all three lakes. Average phytoplankton diversity based on CHEMTAX biomass 

estimates was higher (0.88) and ranged between 0.30 and 1.38 (Fig. 1b), resulting in a ratio 

significantly below 1 (RLAB/CHEM = 0.7 ± 0.03 (95% confidence interval), Table 3). The highest 

average diversity of the phytoplankton community was found in the meso-oligotrophic lake 

(H’ = 1.03 ± 0.21 (mean ± standard deviation); Kruskal-Wallis test, X
2
2,559 = 199.34, p < 

0.001) based on CHEMTAX biomass estimates, while the mesotrophic lake was the most 

diverse lake based on biomass estimates from AlgaeLabAnalyser (H’ = 0.72 ± 0.15; Kruskal-

Wallis test, X
2

2,559 = 131.52, p < 0.001). We found the lowest average phytoplankton diversity 

in the oligotrophic lake as indicated by both the AlgaeLabAnalyser and CHEMTAX biomass 

estimates (0.43 and 0.66, respectively). 
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Table 3: Average ratios RLAB/CHEM between the estimates from AlgaeLabAnalyser and CHEMTAX for the total 

biomass (TChl a, in µg L-1), contribution of the four phytoplankton groups to the Chl a (µg L-1) and the phytoplankton 

diversity (4: including only four groups, chlorophytes, chromophytes, cryptophytes and cyanobacteria; 6: including all 

6 taxonomic groups determined via CHEMTAX, chlorophytes, cryptophytes, cyanobacteria, chrysophytes, diatoms 

and dinoflagellates). Given are average ratios ± 95% confidence intervals calculated across all lakes and for each lake 

separately. 

Average ratio 

RLAB/CHEM 
 

all lakes 
 

oligotrophic 
 

meso-oligotrophic 
 

mesotrophic 

  n = 562    n = 186   n = 187   n = 189 

TChl a 
 

1.47 ± 0.06 
 

1.65 ± 0.11 
 

1.04 ± 0.06 
 

1.72 ± 0.12 

Chlorophytes 
 

2.97 ± 0.49 
 

5.57 ± 1.30 
 

0.58 ± 0.16 
 

2.79 ± 0.44 

Chromophytes 
 

1.47 ± 0.07 
 

1.63 ± 0.10 
 

1.17 ± 0.12 
 

1.59 ± 0.12 

Cryptophytes 
 

6661.32 

±7618.32  
10434.63  
± 8315.19  

11017.03  
± 20647.46  

23.69 ± 35.83 

Cyanobacteria 
 

0.100 ± 0.06 
 

0.014 ± 0.01 
 

0.168 ± 0.09 
 

0.118 ± 0.15 

Phytoplankton 

diversity 4 

 

0.70 ± 0.03 

 

0.73 ± 0.07 

 

0.59 ± 0.04 

 

0.79 ± 0.03 

Phytoplankton 

diversity 6 
  0.44 ± 0.02   0.36 ± 0.04   0.47 ± 0.03   0.48 ± 0.02 

 

Comparison of the biomass estimates from both methods 

We found a very low, but nevertheless significant correlation between the two methods for the 

biomass estimates of chlorophytes (rs= 0.19, p < 0.001, Table 2). As determined via the 

AlgaeLabAnalyser, the contribution of chlorophytes to TChl a was on average 0.36 µg L
-1

 and 

ranged from 0 to 8.05 µg L
-1

. With CHEMTAX, we found a lower average contribution of 

chlorophytes to TChl a (0.20 µg L
-1

), with a maximum value of only 3.21 µg L
-1

 in the 

mesotrophic lake (Fig. 2a), resulting in an average RLAB/CHEM ratio of 2.97 (Table 3). The best 

correlation for chlorophytes was found in the meso-oligotrophic lake (rs = 0.41, p < 0.001, 

Table 2 and 4), which was also the only lake where the average contribution of chlorophytes 



66 

 

 

to TChl a was higher when determined via CHEMTAX than via AlgaeLabAnalyser 

(RLAB/CHEM = 0.58, Table 3 and Fig. 3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Contribution of a) chlorophytes, b) chromophytes (chrysophytes, diatoms and dinoflagellates), c) 

cryptophytes and d) cyanobacteria to the total Chl a concentration (µg L-1) determined spectrofluorometrically in vivo 

with AlgaeLabAnalyser (y-axis) and chromatographically in vitro via HPLC and CHEMTAX (x-axis). Dashed lines 

represent the 1:1 relationship. Color of the circles represents the trophic state of the lakes, blue: oligotrophic (n=186); 

light green: meso-oligotrophic (n=187); dark green: mesotrophic (n=189); n in parentheses indicates the number of 

water samples per lake used in the study. 
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Figure 3: Distribution of the ratios (RLAB/CHEM + 1, to be able to use a logarithmic scale for the y-axis) between the 

contribution of the four phytoplankton groups a) chlorophytes, b) chromophytes (chrysophytes, diatoms and 

dinoflagellates), c) cryptophytes and d) cyanobacteria to the total Chl a determined spectrofluorometrically in vivo 

with the AlgaeLabAnalyser and chromatographically in vitro via HPLC and CHEMTAX for all three lakes. 
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Table 4: Effects of trophic status on the ratios RLAB/CHEM for a) TChl a, biomass estimates for b) chlorophytes, c) 

chromophytes, d) cryptophytes and e) cyanobacteria and for phytoplankton diversity (including either f) four or g) six 

groups from CHEMTAX). One-Way ANOVA was performed for homoscedastic data, while Kruskal-Wallis test (KW) 

was applied to heteroscedastic data. The different letters in the column “Group” are indicating significant differences 

between the trophic states (after Tukey HSD and Dunn’s post-hoc tests following ANOVA and Kruskal-Wallis 

analyses, respectively). 

RLAB/CHEM 
 Group  Test  χ

2
or F  p 

        

a) TChl a 

Mesotrophic 

 

a 
   

χ
 2

2,559 = 144.57 
 

< 0.001 Oligotrophic 

 

a 
 

KW 
  

Meso-oligotrophic 

 

b 
    

 

b) Chlorophytes 

Oligotrophic 
 

a 
   

χ
 2

2,559 = 64.579 
 

< 0.001 Mesotrophic  
a 

 
KW 

  
Meso-oligotrophic 

 
b 

    
 

c) Chromophytes 

Oligotrophic 
 

a 
   

χ
 2

2,559 = 58.576 
 

< 0.001 Mesotrophic 
 

a 
 

KW 
  

Meso-oligotrophic 
 

b 
    

 

d) Cryptophytes 

Meso-oligotrophic 
 

a 
   

F2,481 = 0.904 
  

Oligotrophic 
 

a 
 

ANOVA 
  

0.406 

Mesotrophic 
 

a 
     

 

e) Cyanobacteria 

Meso-oligotrophic 
 

a 
   

F2,559 = 2.196 
  

Mesotrophic 
 

a 
 

ANOVA 
  

0.112 

Oligotrophic  
a 

     
 

f) Phytoplankton diversity 4 

Mesotrophic  
a 

   
χ

 2
2,559 = 46.627 

 
< 0.001 Oligotrophic  

b  
 

KW 
  

Meso-oligotrophic  
c 

    
 

g) Phytoplankton diversity 6      

Mesotrophic 
 

a 
   

χ
 2

2,559 = 42.477 
 

< 0.001 Meso-oligotrophic 
 

a 
 

KW 
  

Oligotrophic   b         
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The highest correlation between biomass estimates from both methods was found for the 

chromophytes (rs = 0.77, p < 0.001, Table 2). Average contribution of chromophytes to TChl a 

was 1.07 (AlgaeLabAnalyser) and 0.82 µg L
-1

 (CHEMTAX, Fig. 2b). Again, the best fit was 

found between the two methods in the meso-oligotrophic lake (rs = 0.72, p < 0.001, Table 2 

and 4), with an average RLAB/CHEM ratio of 1.17 (Table 3). Compared to the biomass estimates 

of the other phytoplankton groups, the RLAB/CHEM ratios for chromophytes were closest to 1 in 

all three lakes (Fig. 3). 

Contribution of cryptophytes to TChl a ranged from 0 to 6.75 µg L
-1

 and from 0 to 1.25 µg L
-1

 

as determined via AlgaeLabAnalyser and CHEMTAX, respectively (Fig. 2c). On average, 

only 0.09 µg L
-1

 of cryptophytes were found in our samples according to CHEMTAX 

calculations, while with the AlgaeLabAnalyser, the average biomass for cryptophytes was four 

times higher (0.36 µg L
-1

). Still, there could be observed a highly significant positive 

correlation between the biomass estimates from the two methods across all lakes (rs = 0.62, 

p < 0.001, Table 2), while the best fit was found in the mesotrophic lake (rs = 0.5, p < 0.001, 

Table 2). The worst fit for cryptophytes was found in the oligotrophic lake, but was still 

significant (rs = 0.15, p < 0.05, Table 2). RLAB/CHEM ratios of the biomass estimates for 

cryptophytes were in many cases very high and ranged up to about 2 x 10
6
as found in the 

meso-oligotrophic lake (Fig. 3), which was due to very low concentrations of alloxanthin in 

the samples and thus, a very low contribution of cryptophytes to TChl a was determined via 

CHEMTAX. 

The lowest correlation between the two methods was found for cyanobacteria (rs = 0.07, 

p > 0.05, Table 2 and Fig. 2d). Although the biomass estimates for cyanobacteria from the 

AlgaeLabAnalyser and CHEMTAX were in a very similar range (0 to 0.86 µg L
-1

 and 0.01 to 

0.88 µg L
-1

), the overall RLAB/CHEM ratio was only 0.1 (Table 3 and Fig. 3). Interestingly, we 

found cyanobacteria in all samples as determined via CHEMTAX, but the same was the case 

only in 12 % of the samples when using AlgaeLabAnalyser. Consequential, in 88 % of all 

samples, cyanobacteria were not found at all according to the AlgaeLabAnalyser. In the 

oligotrophic and the mesotrophic lake, this was even the case in 96 % and 93 % of the 

samples. The only positive correlation between the two methods was found in the oligotrophic 
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lake, but was very low (rs = 0.17, p < 0.05, Table 2). For both cryptophytes and cyanobacteria, 

no significant differences between the RLAB/CHEM ratios were found between lakes (Table 4). 

CHEMTAX derived phytoplankton diversity including all 6 phytoplankton groups 

The average ratio between the Shannon-Diversity Indices from the two methods was even 

lower when all six phytoplankton groups (chlorophytes, cryptophytes, cyanobacteria, 

chrysophytes, diatoms and dinoflagellates) were included into CHEMTAX derived 

phytoplankton diversity (Fig. 4a). Here, the correlation coefficient rs between 

AlgaeLabAnalyser and CHEMTAX derived diversity was only 0.3, while the average ratio 

RLAB/CHEM across all lakes was 0.44 (Table 3).  

 

 

 

 

 

 

 

 

 

Figure 4: a) Correlation between the phytoplankton diversity H’ (Shannon-Index) determined spectrofluorometrically 

in vivo with the AlgaeLabAnalyser (y-axis) and chromatographically in vitro via HPLC and CHEMTAX (x-axis, 

including all six taxonomic groups: chlorophytes, cryptophytes, cyanobacteria, chrysophytes, diatoms and 

dinoflagellates). b) Correlation between the phytoplankton diversity estimated with HPLC and CHEMTAX (including 

all six taxonomic groups) and pigment diversity (including Chl a). The dashed line represents the 1:1 relationship. For 

legend, see Fig. 1. 
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When we compared the HPLC derived pigment diversity (including Chl a) and phytoplankton 

diversity determined via CHEMTAX (all six groups included, Fig. 4b), we found a highly 

significant positive correlation (rs = 0.67, p < 0.001), which was found to be the highest in the 

mesotrophic lake (rs = 0.82, p < 0.001). The average ratio Rphytoplankton/pigments was 1.23 across 

all lakes and ranged between 0.67 and 1.50. The ratio closest to 1 was found in the oligo-

mesotrophic lake (Rphytoplankton/pigments = 1.13; Kruskal-Wallis test, χ
2
2,559 = 290.9, p < 0.001).  
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4. Discussion 
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4.1 Directed diversity manipulations of natural phytoplankton 

communities 

Experimentally proofing realistic effects of species loss on BEF in natural unicellular 

freshwater and marine primary producer communities is still a challenge. Here we 

experimentally established diversity gradients within natural phytoplankton communities by 

using two different techniques. Both methods – dilution and disturbance – were appropriate to 

create diversity gradients in natural phytoplankton communities from ponds contrasting in 

nutrient availability. Dilution and disturbance were applicable methods in an oligotrophic as 

well as a eutrophic water body even though the effect sizes (relative species differences 

between dilution or disturbance levels) differed between systems. Dilution in the oligotrophic 

pond resulted in 64 % (day 17) and 51 % (day 24) of species loss between the highest and 

lowest dilution step while the communities originating from eutrophic water showed a species 

loss of about 46 % and 41 %. Disturbance manipulations of communities from the 

oligotrophic pond resulted in about 23 - 34 % lower species numbers for the low and high 

disturbance frequencies as for intermediate disturbance frequencies (at day 39). The eutrophic 

community on the other hand reached 45 % (day 39) lower species richness in the no-

disturbance treatment when compared to the two highest frequency disturbance treatments. 

While for dilution treatments the higher effect sizes were reached for the oligotrophic water 

body, the opposite pattern was true for disturbance treatments communities.  

Overall, dilution had species richness gradient effect sizes reaching from around 40 % to 65% 

species losses while disturbance generated a range of effect sizes from 33 % to 45 % species 

losses. Dilution thereby most likely acted on the loss of rare species in treatments containing 

only a very small volume of the original community. Eutrophic, highly productive 

communities often tend to be dominated by a few species that provide most of the community 

biomass (Hillebrand et al. 2007). Thereby the loss of species that were already very rare at the 

beginning of the experiment might not be recognized with our counting and enumeration 

methods (Utermöhl technique) which could explain the slightly lower effect sizes of 

disturbances in those treatments. Underestimating the total number of species in a community 

by not detecting in particular very rare species is considered a potential weakness of many 
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phytoplankton studies. Species are often highly diluted in open water environments. 

Therefore, species-accumulation curves or rarefaction analyses were assessed in several 

studies to value sampling sizes for meaningful comparison of different communities as is 

common practice in terrestrial species communities (Gotelli and Colwell 2001, Hughes et al. 

2001, Rodríguez-Ramos et al. 2014). The above-named studies recommend higher sample-

volumes than are commonly used in field studies to avoid undersampling of rare species. In 

our experiment we analyzed a rather high sample volume compared to the small overall 

treatment volume of 400 mL. Potential shortcomings by an undersampling of the rarest species 

in the communities should accordingly affect all treatments similarly and therefore still allow 

comparisons. Nevertheless it is advisable to follow the recommended techniques to avoid 

undersampling in potential larger mesocosm studies usually comprising treatment volumes of 

hundreds to thousands of liters.   

Concerning biomass development or other ecosystem traits such as nutrient uptake and 

community composition, eutrophic communities are probably less sensitive to diversity 

manipulations by dilution compared to oligotrophic ones. Oligotrophic communities are rather 

characterized by a more even species distribution (Hillebrand et al. 2007). Accordingly, 

oligotrophic communities could therefore be more susceptible to dilution, as also shown by 

our data.  

Disturbance on the other hand seemed to have affected phytoplankton communities following 

a pattern as predicted by the intermediate disturbance hypothesis (IDH, Connell 1978; Flöder 

and Sommer 1999). Although not all communities responded with the expected hump-shaped 

curves, species richness measurements indicated a distinct response to disturbance 

manipulations. While the oligotrophic treatments showed a hump shaped - IDH typical - 

response, the eutrophic pond treatments changed in their response of species richness to 

disturbance frequency from a linear relationship to a saturation curve over time. However, the 

response of diversity to disturbance should strongly depend on the productivity of the system 

(Huston 2014), therefore varying responses of different productive communities to the same 

levels of disturbances are to be expected. Applying disturbances as tool to manipulate 

diversity needs careful planning to find the “right” experimental duration and frequency of 
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disturbances to form distinct diversity gradients. Apart from the IDH as explanation, the 

probable direct loss of stress sensitive species in treatments with high disturbance frequencies 

of other, stronger types of disturbances such as heat (Engel et al. 2017) or freezing stress must 

be considered. Species loss under such stress scenarios should occur much faster. 

One important aspect for performing experiments using diversity manipulated natural 

communities is the variation in species richness between replicates. Within artificially 

composed phytoplankton communities uncontrolled variation is usually zero as diversity is 

fully controlled by the investigator. Hence, in diversity manipulated natural communities there 

will be uncontrolled variation between replicates of disturbance or dilution treatments. 

Whereas species richness was similar between manipulation steps in our experiments, 

community similarities varied much more.  However, this can be seen similar to establishing 

new species combinations at the same diversity levels as often performed in experiments 

investigating diversity ecosystem functioning relationships with artificial laboratory 

communities. Replicates can then be considered being real replicates for certain species 

richness levels (ranges) and not replicates of a certain community with identical species 

composition.  

Decreasing similarity with increasing dilution can be explained by the mechanism of dilution. 

Low dilution results in a higher share of species of the initial community, whereas high 

dilutions result in a higher stochastic chance to create different subsets of the original 

communities of the initial species assemblages. All replicates of high dilution treatments 

showed lower species numbers, but differed substantially in their community composition, 

leading to lower similarity between replicates of the same treatment. Disturbance treatments 

on the contrary did not result in a clear pattern between experimental manipulation and 

similarity between treatments at the same manipulation level. Only in the treatments of the 

eutrophic pond the similarity between replicates of a treatment increased with disturbance 

frequencies. This indicates that in these treatments only the same few stress resistant species 

were able to grow under high disturbance, resulting in an increasing similarity with increasing 

disturbance frequencies. In opposite to dilution - which acts via the different abundance of 

phytoplankton species and addresses rare species - disturbance will act on specific traits of 

phytoplankton species and the effects will rather depend on the functional composition of the 
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initial community and the respective susceptibility to certain stressors. Choosing 

manipulations acting on different stress sensitive traits offers a portfolio of options to 

manipulate diversity given by different research questions (Engel et al. 2017). 

Our experimental manipulations did not result in immediate visible diversity responses, 

diversity gradients established after certain time periods. Disturbance manipulations did not 

result in a sudden loss of species in our experiments; it took two weeks or more to see clear 

and distinct responses. Also dilution treatments could not be used immediately in our 

experiments, strong dilution results in initial very low biomasses whith most species most 

probably being present in numbers below microscopic detection levels. However, allowing 

manipulated treatments to grow for several generations did not only result in clear diversity 

gradients but also in more similar biomass concentrations as resource supplies to treatments 

were controlled and identical within experiments. Depending on the research question this can 

be a very useful characteristic of the above described protocols. If the created gradients are 

further used for experiments, it is recommendable to allow for a growing phase before the 

actual experiment or some other form of adjusting the biomass of the start communities such 

as suggested in other studies (Franklin et al. 2001, Giller et al. 2004). 

Using artificial laboratory communities resulted already in important insights into 

phytoplankton diversity – ecosystem functioning relationships. The large advantages of such 

experiments, mainly full control over environmental parameters and diversity manipulations 

are allowing rigorous tests. For example, mechanisms of biodiversity related increases in 

productivity can be further characterized by variance partitioning (overyielding, etc.; Fox 

2005) but for that the productivity of each species of diverse communities in monoculture is 

needed. Usually, that can only be done in artificially assembled phytoplankton communities. 

However, artificially mixed laboratory communities consist of single species that have usually 

been cultured for hundreds of generations without the possibility of interaction with other 

species, laboratory cultures might have also lost trait flexibility through selection for 

standardized laboratory conditions. Additionally, these artificial communities rarely reach the 

natural richness level and only represent the lower end of the natural diversity scale (Ptacnik et 

al. 2008). Therefore, these approaches should be combined with experiments manipulating 
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diversity in natural communities including much higher complexity and the presence of key 

functional trait characteristics of “wild nature” (Naeem et al. 2012), even by sacrificing some 

experimental control. Regarding the need of high replication for a variety of several modern 

“data-hungry” statistical methods (Hector 2015) our results show that also high numbers of 

diversity treatments and replicates can be relatively easily established on a laboratory scale, 

still allowing controlled environmental conditions such as established in climate chambers or 

incubators. Additionally, being able to establish distinct diversity gradients such as seen in our 

experiments opens a large variety of experimental possibilities. We recommend dilution and 

disturbance manipulations as a feasible option to manipulate diversity of natural 

phytoplankton communities in a directed way. Depending on research questions diversity 

gradients can be established, potentially allowing detailed investigations and mathematical 

descriptions of diversity – ecosystem functioning relationships. However establishing these 

gradients took some time and it will depend on the constraints of experimental designs 

whether faster methods such as size selective filtration are more appropriate (Engel et al. 

2017). Depending on the experimental needs it is possible to choose between a variety of 

methods to manipulate diversity in limnic and marine natural phytoplankton communities, 

each with its own advantages and constraints. 
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4.2 Diversity gradients and nutrient enrichment – comparing effects of 

natural diversity differences with effects of short-term experimental 

manipulations of diversity 

In ecology there is persistent interest in understanding ecosystem responses to disturbances. 

Especially the mechanisms behind ecosystem functioning in regard to anthropogenic drivers 

are subject to numerous studies (Craven et al. 2016, Alexander et al. 2017, Cavicchioli et al. 

2019). With my experiments I wanted to provide basic insight to this topic focusing on natural 

phytoplankton communities. Across the three lakes in my study, diversity gradients could 

successfully be established by my manipulations. These diversity gradients enabled me to 

compare short- and long-term reactions of primary producer communities to a stressor like 

nutrient enrichment.  

Do the artificially manipulated diversity differences (short-term) result in responses of the 

same direction and magnitude as over a longer period of time evolved natural differences in 

diversity between water bodies?  

As expected, nutrient enrichment did lead to an enhanced biomass production of the 

experimental communities from all lakes. Within my experiments, a lower overall community 

stability could be shown with an increasing loss of diversity. Nevertheless, the communities 

showed distinct differences in their reactions to additional nutrient input when considered 

lake-wise. Short- and long-term reactions of the communities did thus not show the same 

direction or magnitude of responses to nutrient addition. My data showed the expected higher 

stability with higher diversity when communities from all lakes were observed together. When 

separating the three lakes, the short-term manipulated communities showed more variable 

response patterns to the nutrient input but still clustered around their respective initial 

communities. Thereby the results were strongly depending on the lake of origin of the 

community as well as the year in which the experiment took place. A similar lake dependency 

of diversity responses to eutrophication could be monitored in experiments including 

communities from several tropical lakes (Soares et al. 2013). Also, Rigosi et al. (2014) 

observed a connection between the trophic states of freshwater lakes in the US and the 
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dependence of cyanobacterial blooms on the interplay between rising temperatures and 

eutrophication.  

Apart from several studies showing an increasing stability in systems with higher species 

numbers (Balvanera et al. 2006, Isbell et al. 2009), the meaning of sole species number counts 

for ecosystem functioning is discussed controversially in ecological studies (Collins et al. 

2008, Gotelli and Chao 2013). Species richness by itself is not seen as sufficing estimator for 

diversity anymore. Consequential, a more functional view on diversity issues (Weithoff et al. 

2001, Vogt et al. 2010, Borges Machado et al. 2016) as well as additional estimators 

accounting for species identities and abundances like species turnover indices are suggested to 

give a better representation of a system’s dynamic (Hallett et al. 2016). Hillebrand et al. 

(2017) for example proposed species exchange ratios to better capture temporal trends in 

community composition and give a more “management-relevant measure of change” 

decoupled from species richness itself. To account for the drawback of using species richness 

indices in this study, I also focused on analyzing the community integrity to get a better 

overall picture of the phytoplankton dynamics during the additional nutrient input. Similarity 

between pre- and post-nutrient addition was higher amongst communities with higher genus 

richness while the species exchange ratios were lower for the same communities. Both 

regressions are again lake and especially year dependent. Nevertheless they show that in my 

study higher genus richness seems to go hand in hand with a more stable community 

composition during the nutrient addition. This must not necessarily be the case as several other 

studies show a decoupling between species richness and other biodiversity indices (Collins et 

al. 2008, Hillebrand et al. 2017). Absolute losses in terms of genera lost from the community 

seem relatively equal across the experimental communities; relative values therefore fluctuate 

depending on the starting values. Communities starting with an already lower diversity 

therefore are prone to a higher relative loss which could lead to a downward spiral of diversity 

(Chapin et al. 2000, Loreau 2010). Hughes et al. (2007) also found reciprocal effects of 

diversity and disturbance in several systems when reviewing experiments published on the 

topic.  
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Diversity seems to buffer against stressors, yet in my experiments there are diverse 

mechanisms acting on different timescales. While the ecological responses to nutrient input 

were rather unpredictable in the communities manipulated in diversity on a short timescale, 

the evolved differences in community composition between the three water bodies depicted 

the expected higher stability with higher diversity. An evolutionary adaptation of the 

phytoplankton community to conditions specific to one lake could explain the strong lake 

dependency in our data. Local adaptation was shown to strongly affect community assembly 

of zooplankton under the influence of several factors known to be decisive for the community 

structure (Pantel et al. 2015). It is therefore quite likely that evolutionary and ecological 

responses to a certain stressor act within similar time scales and are interdependent. Several 

studies from diverse systems show evolutionary processes to happen on time scales of 

ecological change and discuss a potential feedback between ecology and evolution (e. g. 

summed up in Fussmann et al. 2007 or Schoener 2011). Hence, the question arises whether a 

common evolutionary background history and the acclimatization to a certain stressor of a 

community over time could lead to a higher stability. Potentially, a community already used to 

certain conditions in the past could react more stable to a recurrence of the same stressor in the 

present. For multiple stressors occurring successively, such community adaptations via co-

tolerance of species have been described (Vinebrooke et al. 2004). As the lakes in this study 

all represent different trophic states, reaching from oligotrophic to mesotrophic, an adaptation 

of the respective phytoplankton communities to the nutrient loading of their lake could be 

expected. It is for example noticeable that Lake Thalersee, whose communities responded to 

the nutrient input with the highest stability, has a background history of higher nutrient 

loading than found in the present. The lake was prone to nutrient inflow from agriculture in 

the surrounding area. After being subject to management actions for the last decades, the 

incoming nutrient amounts were reduced and the lake’s trophic state recovered from eutrophic 

to a rather mesotrophic status. Eventually, the primary producer community therefore could 

still be adapted to higher nutrient content and respond to our experimental nutrient addition 

with a higher stability. Nevertheless, it should be considered that under the influence of 

stressors also threshold values could be reached. With ongoing change in for example nutrient 

enrichment, a certain amount of nutrient loading could suddenly lead to a shift from one stable 
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state to another in an ecosystem (e.g. Scheffer and Carpenter 2003). Such state shifts have for 

example been observed between clear water and a turbid state in shallow lakes (Scheffer et al. 

1993) or also between different states in other ecosystems or scales (reviewed in Schröder et 

al. 2005). Albeit, the understanding of ecological stability and especially the prediction of a 

system’s response under certain stressors are rather complicated. Hence, there have been calls 

for more holistic approaches in such studies (Donohue et al. 2016, Hillebrand et al. 2018). 

Hillebrand et al. (2018) tested several measurements of stability and their interrelations and 

concluded to consider several measurements for compositional as well as functional stability. 

Within their experiments some stability measures correlated between these two stability 

aspects while others did not show any relations between compositional and functional 

stability. The authors suggest that the time scale of recovery of a system as well as the chance 

for recovery at all could vary amongst compositional and functional aspects. Incorporating 

these different aspects should lead to a better understanding and predictability of ecosystem 

responses to disturbances. Similarly, another study concludes that several anthropogenically 

induced stressors can diversely affect ecosystem functioning with uncoupled responses in 

single functions but no consistent response in the overall multifunctionality of the system 

(Alberti et al. 2017). With respect to management and research, these findings advise to 

analyse multiple aspects and ecosystem functions in response to disturbances and change 

instead of focusing on single factors. Unique species compositions and interactions with the 

respective environmental conditions lead to complex dynamics and hamper simple general 

predictions and conclusions in respect of external forcing on a system’s community. More 

insight on the mechanisms driving interactions between diversity and ecosystem functioning 

as well as relationships at the interface between evolutionary and ecological processes is 

therefore desirable (Oliver et al. 2015, Pelletier et al. 2009, Cavicchioli et al. 2019). 

Considering a functional approach, insight on mechanistic links could probably be gained by 

looking at the trait level rather than on the pure species richness. One example of such a 

functional approach is discussed in the next section. 
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4.3 Group specific trait losses from phytoplankton communities 

Trending towards trait-based approaches, research in BEF tries to find mechanistic 

explanations for observed patterns in ecosystem functioning. I therefore investigated the 

subsequent trait changes in natural phytoplankton communities from lakes of different trophic 

status following alterations of the amount of one specific group of phytoplankton - namely 

diatoms. Except for some minor overlap with other phytoplankton groups, diatoms were 

chosen in this case due to their specific traits (e.g. pigment composition, light usage) and their 

susceptibility to a manipulation of the stratification regime. 

My experiments clearly show a connection between the amount of diatoms in the community 

and the amount of the pigment fucoxanthin, resulting in a change in spectral light usage. A 

different portion of light of wavelengths in the absorption range of fucoxanthin was absorbed 

with changing diatom content in the communities. Furthermore, I could observe higher 

chlorophyll a F0 fluorescence of PS (photosystem) II when excited within the range of the 

fucoxanthin absorption maximum with rising diatom abundance. As a result, phytoplankton 

communities with fewer diatoms showed a reduction in their spectral light usage at those 

wavelengths. I could therefore observe the expected trait loss from the community linked to a 

previous loss of functional diversity in my data. 

When looking in detail at the connection between light attenuation at fucoxanthin absorption 

maximum and the portion of diatoms in the community, I chose to restrict the analyzed 

communities to the ones originating from Lake Brunnensee. This is due to the lake containing 

a relatively high concentration of silicon and a low overall phytoplankton biomass. 

Communities therefore span a wide range of diatom contents at constantly low biomass levels 

when compared to the other two lakes in the study. Hence, communities from Lake 

Brunnensee do not show much shading by the silicon shells of the diatoms themselves (as 

could happen at high biomass values) or disturbances of the measurements by a high content 

of other algal groups, which also contain fucoxanthin like for example dinoflagellates. The 

results from Lake Brunnensee in this case show a strong increase of light attenuation in the 

fucoxanthin range with rising diatom content. With further increasing diatom contents, the 

light attenuation seems to reach a maximum value. As light of certain wavelengths is a finite 
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resource, this observation could mean that at low diatom concentrations additional diatoms in 

the community also mean a higher concentration of fucoxanthin and with that a higher light 

attenuation at its absorption maximum. At certain diatom concentrations a further increase in 

light use cannot be observed as a threshold value seems to be reached. Such a threshold could 

indicate a level of diatoms in the community, where the light of the respective wavelength is 

exhausted and additional amounts of fucoxanthin would not lead to a further increase of light 

usage. Instead, some diatoms are known to be able to shift their antenna-structure of the 

photosynthetic apparatus to adapt to certain light conditions (Herbstová et al. 2017), showing 

an alternative response possibility to the finite nature of light as a resource.    

R² values indicate a proportion of 19 – 38 % of the variability in the data to be explained by 

the portion of diatoms in the community when looking at the fucoxanthin distribution or the 

light attenuation of the phytoplankton communities. Regarding the light used for 

photosynthesis (F0 proportion of PS II in the fucoxanthin absorption range), the proportion of 

variability explained by the diatom content in the community drops to only 3 %. Nonetheless 

this seemingly low value is not atypical for data concerning biodiversity-connected patterns in 

field experiments or observations (see for comparison Ptacnik et al. 2008). Natural 

communities are influenced by a range of factors that leave biodiversity as one of them and 

therefore result in lower variability explained by diversity parameters than could be expected 

in well-controlled experiments in laboratory environments. 

Although I only picked one phytoplankton group (only making up a portion of the whole 

community) with specific features and investigated very detailed trait characteristics within 

natural communities in large field mesocosms, I could nevertheless find significant 

consequences of a decline of that group in the community pigment composition and light 

usage. This provokes the thought that these consequences might go beyond the light usage of 

the phytoplankton community.  

Stockenreiter et al. (2013) observed a rising lipid production in phytoplankton communities 

comprising different functional groups. Within communities consisting of three or four 

functional groups (tested were one to four), they could also show an increase in microalgal 

neutral lipid content with higher light use (spectral absorption of photosynthetically active 
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radiation) of the community. In phytoplankton, the content of certain fatty acids is species or 

group specific and therefore also used as biomarker when analyzing aquatic food webs 

(Iverson 2009). The composition of essential polyunsaturated fatty acids is crucial to the 

nutritional value primary producers exhibit for consumers (e.g. Müller-Navarra 2008, Pajk et 

al. 2012). Hence, such characteristic fatty acids could link phytoplankton diversity to the 

productivity of higher trophic levels. This suggests the conclusion that a loss of a functional 

group like the diatoms would be relevant to the food quality of primary producers in the food 

web. The loss of one trait could consequently lead to a drop in the community’s resource use 

efficiency, which could alter the whole food web performance.  

Apart from their specific pigments and therewith their role in the phytoplankton communities’ 

light usage, diatoms play a decisive role in the silicon cycle due to their silicon shells (Tréguer 

and De La Rocha 2013). Within riverine and lake systems, their growth and sinking rates as 

well as burial in the sediments are therefore decisive for the food web, material cycles, water 

chemistry and also for the amount of Si transported on to marine systems (Humborg et al. 

2000, Wetzel 2001). Within these marine systems the availability of Si and the growth 

conditions for diatoms are of even higher significance. Diatoms are responsible for a large 

portion of the primary production in marine ecosystems and therefore are the basis for 

productive food webs (Nelson et al. 1995, Malviya et al. 2016). A loss of diatoms from the 

community or a switch to more non-siliceous algae communities consequently would have far-

reaching consequences for the whole food web and fisheries, but also for the world carbon 

cycle (Richardson et al. 2009, Tréguer et al. 2017, Cavicchioli et al. 2019). 

As a loss of diatoms has such sweeping effects in aquatic systems and beyond, the question 

arises, whether other organisms could fill the resulting gap. On a short timescale, some algal 

species are able to alter their pigment composition flexibly depending on light availability and 

the light usage of competitors (Stomp et al. 2004). Nevertheless, I could see a change in 

resource use efficiency during my experiments, showing that relatively short-term changes of 

conditions can lead to changes in the community that are not coped with in the same time 

frame. Therefore flexible use of pigments can be one response but in the long run 

phytoplankton groups are limited by their pigment repertory. On longer time scales one could 
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expect an evolutionary response of the community to a loss from one functional group. 

Potentially other phytoplankton species with overlapping pigment range could fill in the 

niches. Depending on the attendant circumstances some of the open niches could hence be 

taken over. However, if niche conditions are not suitable in all aspects (e.g. resources beside 

light etc.), lower species numbers and reduced functioning of the system would be maintained 

(Srivastava 1999, Mateo et al. 2017). In my case other groups like dinoflagellates that share 

the pigment fucoxanthin or other characteristics could probably increase when diatoms get lost 

from the phytoplankton community (Spilling et al. 2018). As discussed above, such changes in 

the community could also lead to state shifts in the whole system. Even so, it is hard to 

forecast precisely what will happen in a community undergoing change by a loss as described. 

Pigments do not only function as photosynthetic active pigments but can for example also be 

produced as protection against UV radiation (Falkowski and Raven 2007). Therefore it is 

rather complex to separate single mechanisms and it is not completely understood what the 

loss of a pigment trait means for the community and the functioning of the system. 
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4.4 Comparison of different techniques to assess phytoplankton 

diversity 

Both the AlgaeLabAnalyser and CHEMTAX allowed for a good general overview of the 

composition of natural phytoplankton communities. Despite the somewhat limited taxonomic 

resolution of both methods, the overall patterns of phytoplankton group abundances matched 

well with both the in vivo and the in vitro assay. Further, phytoplankton biomass estimates 

(determined as total chlorophyll (Chl a)) were very similar with both methods. This 

demonstrates the general utility of both approaches, while other methods and devices such as 

FluoroProbe and Algae Online Analyser (both from bbe Moldaenke) are known to frequently 

underestimate the total Chl a (Gregor and Maršálek 2004, Harrison et al. 2016, Izydorczyk et 

al. 2009, Catherine et al. 2012). As both our methods require relatively little time in 

comparison to e.g. microscopic counts or DNA-metabarcoding approaches, this makes them 

highly suited for monitoring and routine phytoplankton analyses.  

Despite their general comparability, both methods differed markedly in some important 

aspects. This applies in particular, but not exclusively, to the determination of cyanobacterial 

abundances, which are a major focus of phytoplankton community assessment in the context 

of water quality management. In our study, the AlgaeLabAnalyser was frequently unable to 

detect any cyanobacteria in the lakes’ phytoplankton, even though the detection of echinenone 

in the HPLC gave clear indications of cyanobacterial presence. Microscopic observations of a 

subset of the samples also showed a presence of cyanobacteria in the majority of analyzed 

samples, supporting the results from HPLC. The manufacturer suggests calibrating the 

AlgaeLabAnalyser with phytoplankton species isolated from the water bodies of interest to get 

a more accurate assessment of the phytoplankton community composition. However, this 

seems unrealistic in practice, in particular for routine laboratories and water authorities that 

monitor numerous different lakes and other aquatic systems. Additionally, in this study, water 

samples were tested undiluted in the AlgaeLabAnalyser. At denser samples, this may cause 

the device to underestimate the signal actually belonging to cyanobacteria (pers. comm. H. 

Stibor). 
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An important aspect that might explain the observed differences between the two methods is 

the possibility to adjust the sensitivity of the HPLC/CHEMTAX method via the filtered 

volume of samples. While only 25 mL of the water samples are measured in the 

AlgaeLabAnalyser, 500 – 1000 mL of water were filtered for each sample for the pigment-

analyses via HPLC. Thus, the concentration of the pigments extracted from the filters and 

detected via HPLC was higher compared to the pigment concentrations in the water sample 

measured in vivo with AlgaeLabAnalyser. This probably allowed for the higher sensitivity of 

the CHEMTAX method and its accuracy in the estimation of low cyanobacteria abundances. 

Comparative assessment of methods 

Three specific aspects in the comparative evaluation of the HPLC-based and the in vivo 

method merit particular attention: The first applies to the distinction between cryptophytes and 

cyanobacteria, which is of particular relevance for water quality assessment and monitoring 

(Catherine et al. 2012, Gregor et al. 2005, Izydorczyk et al. 2009): The detection of 

cryptophytes by the AlgaeLabAnalyser depends not only on the main cryptophyte marker 

pigment alloxanthin, but further on the specific absorption of phycoerythrin (Beutler et al. 

2002, Beutler et al. 2004), which is also an important pigment for many “red” and “blue” 

cyanobacteria (Bryant 1982, Gregor et al. 2005, Haverkamp et al. 2009, Jasser et al. 2010).  

As the lipophilic extraction commonly applied prior to the HPLC separation of pigments does 

not capture the hydrophilic pigment groups of phycoerythrins and phycocyanins, these 

pigments cannot be evaluated by the CHEMTAX approach. This led us to the assumption that 

CHEMTAX may underestimate the abundance of cyanobacteria in the lake phytoplankton, as 

this method does not consider these two main groups of pigments typical for cyanobacteria. 

Interestingly, our data indicated quite the opposite, i.e. a much higher relative abundance of 

cyanobacteria in the phytoplankton community assessment via CHEMTAX as compared to 

the AlgaeLabAnalyser. Nonetheless, both methods could still underestimate the “real” 

abundance of cyanobacteria. Catherine et al. (2012) also reported a “potentially strong 

misattribution towards cryptophytes of “red” cyanobacteria” when they compared the biomass 

estimates of cryptophytes and cyanobacteria from FluoroProbe to the microscopic counts. 
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When examining cyanobacterial blooms in reservoirs, in some samples dominated by 

cyanobacteria, Gregor et al. (2005) detected certain amounts of cryptophytes (approx. 1 – 20 

% of TChl a) via FluoroProbe, although microscopic counts revealed no cryptophytes. This 

may be explained by the inclusion of phycoerythrins into the detection of cryptophytes by the 

AlgaeLabAnalyser (and FluoroProbe). Admittedly, there have been attempts to account for 

this potential problem by the manufacturers of the AlgaeLabAnalyser (Beutler et al. 2003, 

Beutler et al. 2004). Nevertheless, our data indicate that under certain conditions, the 

CHEMTAX approach may be more sensitive to low cyanobacterial abundances when 

compared to the in vivo approach of the AlgaeLabAnalyser. Yet, in consequence of the 

working principle of the AlgaeLabAnalyser it seems reasonable to assume that some 

cyanobacteria with a rather atypical pigment composition could be sorted into the chlorophyte 

group. AlgaeLabAnalyser measures Chl a fluorescence while differently coloured LEDs 

enable the detection of an interaction of additional antennae pigments with Chl a. Thereby the 

device can “misinterpret” signals from atypically pigmented algae and sort them into other 

groups.  

Beyond the distinction between cryptophytes and cyanobacteria, it may also be challenging to 

distinguish chlorophytes from cyanobacteria with the HPLC method under certain conditions. 

Most published HPLC gradients have difficulties in separating the peaks of lutein and 

zeaxanthin (Latasa et al. 1996, Ston-Egiert and Kosakowska 2005, Van Heukelem and 

Thomas 2001). This was also the case for our HPLC gradient. As a consequence, lutein may 

be frequently underestimated, which would lead to an underestimation of chlorophytes relative 

to cyanobacteria. Depending on the respective phytoplankton community, this could interact 

with the previous observation of an underestimation of cyanobacteria under certain 

circumstances. In our HPLC data, no lutein peak could be identified in some samples, 

although microscopic counts confirmed the presence of chlorophytes. Such an underestimation 

of chlorophyte abundances due to an insufficient separation of lutein and zeaxanthin may 

explain the lower chlorophytes : cyanobacteria ratio detected by CHEMTAX in comparison to 

the AlgaeLabAnalyser.  
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CHEMTAX estimates the relative abundance of chlorophytes mainly based on the occurrence 

of lutein and chlorophyll b. If chlorophyll b, but no lutein is detected, this is probably a 

consequence of the above mentioned weak separation of the lutein and zeaxanthin peaks in the 

HPLC. An alternative explanation could be the occurrence of euglenophytes that are 

characterized by the possession of chlorophyll b without a concomitant abundance in lutein 

(Fietz and Nicklisch 2004, Sarmento and Descy 2008, Schlüter et al. 2006). However, 

microscopic observations of our samples do not indicate frequent occurrences of 

euglenophytes in our study lakes.  

The third important difference between the two methods is related to the distinction of diatoms 

and chrysophytes. As both share the characteristic pigment fucoxanthin, the 

AlgaeLabAnalyser does not allow for a distinction between these algal groups. Unfortunately 

these two algal groups often dominate in oligo- and mesotrophic lakes (Buchaca et al. 2005, 

Järvinen et al. 2013, Ptacnik et al. 2008, Poxleitner et al. 2016, Schlüter et al. 2016, Watson et 

al. 1997). CHEMTAX provides the distinct advantage of separating chrysophytes from 

diatoms based on their specific fucoxanthin : Chl a ratios. As mentioned before, the final 

output ratio of fucoxanthin : Chl a differed between the oligotrophic lake and the meso-

oligotrophic and the mesotrophic lake, resulting in a switched dominance of either the diatoms 

or the chrysophytes comparing the lakes (oligotrophic lakes: diatoms more abundant than 

chrysophytes, while the opposite was the case in the meso-oligotrophic and the mesotrophic 

lake). In the case of the meso-oligotrophic lake, the microscopic counts indicated a dominance 

of diatoms rather than chrysophytes. One possible explanation might be the usage of a 

CHEMTAX ratio matrix established for meso- and eutrophic lakes (Schlüter et al. 2016). 

However, CHEMTAX calculations for the meso-oligotrophic lake with the ratio matrix 

established for oligotrophic lakes (Schlüter et al. 2016) yielded the same results (data not 

shown). This indicates that a differentiation between diatoms and chrysophytes based on their 

specific fucoxanthin : Chl a ratios is not sufficient to accurately discriminate these two 

phytoplankton groups. We thus suggest the inclusion of further pigments into the CHEMTAX 

approach for a more accurate differentiation of diatoms and chrysophytes, e.g. the inclusion of 

violaxanthin, which is a commonly used marker pigment for chrysophytes (Buchaca et al. 

2005, Descy et al. 2000, Lauridsen et al. 2011, Schlüter et al. 2016).  
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 Within the CHEMTAX analyses, the pigment : Chl a ratios are changed through a series of 

iterations until the RMS error is stable (Mackey et al. 1996). This means that depending on the 

data and parameters chosen, the ratios in the final matrix can be very different from the ones in 

the input matrix. This has positive aspects, as it indicates that the actual data (HPLC derived 

pigment concentrations) has the highest effect on the outcome of the CHEMTAX analysis. On 

the other hand, this means that under certain conditions, independently from the original input 

matrix, ratios can change in a wide range (here: 1/6 to 6 fold). When it comes to pigments that 

are shared between phytoplankton groups such as fucoxanthin, such an approach could shift 

the pigment : Chl a ratios between the groups in the opposite direction (input matrix: higher 

fucoxanthin : Chl a for group A compared to group B, output matrix: the other way around). 

This may be an additional explanation for the inconsistent relative abundance of diatoms 

versus chrysophytes in the meso-oligotrophic lake of our study. Similar results were found by 

Simmons et al. (2016), who compared the phytoplankton community composition via 

HPLC/CHEMTAX estimates to biovolume estimates derived from microscopic counts for the 

oligotrophic Lake Michigan. There, CHEMTAX overestimated chrysophytes versus diatoms. 

Interestingly, the input fucoxanthin : Chl a ratios for both groups of Simmons et al. (2016) 

were similar to the final output fucoxanthin : Chl a ratios for the meso-oligotrophic and the 

mesotrophic lake from our study, which leads to a consistent favoring of chrysophytes over 

diatoms in those CHEMTAX matrices. To overcome the observed mismatch between diatoms 

and chrysophytes, Simmons et al. (2016) suggested including chlorophyll c1 and c2 into 

CHEMTAX analyses as (freshwater) diatoms contain both chlorophyll c1 and c2, while most 

chrysophytes contain only chlorophyll c2 (Jeffrey et al. 2011). Interestingly, when Simmons et 

al. (2016) combined the CHEMTAX-derived relative abundances of chrysophytes and 

diatoms, the match with the combined relative abundances of these two groups from the 

microscopic counts was much better, which was also observed in our study (personal 

communication M. Ilic, data not shown). 

Phytoplankton biodiversity 

Independent from the number of groups included into the calculation of the Shannon-Diversity 

Index, biodiversity of the phytoplankton community based on CHEMTAX was higher than 
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biodiversity calculated based on AlgaeLabAnalyser data. This indicates that CHEMTAX 

allows for a higher resolution of the phytoplankton community composition than the 

AlgaeLabAnalyser. The lower biodiversity estimates based on the data from the 

AlgaeLabAnalyser may be related to the observation, that in more than 63 % of the samples, 

the AlgaeLabAnalyser identified only one or two phytoplankton groups. This seems rather 

unlikely for samples from natural phytoplankton communities and shows a weakness of the 

AlgaeLabAnalyser in that case. 

Another observation was the high positive correlation in our study between the pigment-based 

and the phytoplankton-based Shannon-Diversity. This indicates that even the pigment-based 

diversity can be used with these communities as a good proxy for the biodiversity of 

phytoplankton, without the necessity to perform CHEMTAX calculations. 

Effects of trophic status (lake-dependent effects) 

In some cases, the agreement of the two used methods seemed to depend on the trophic status 

of the lake. For example, the best agreement for TChl a, chlorophytes and chromophytes was 

found in the meso-oligotrophic Lake Klostersee (Table 4 in 3.4), while there were no lake-

dependent effects on the agreement between AlgaeLabAnalyser and CHEMTAX for the 

biomass estimates of cryptophytes and cyanobacteria. This might indicate that the agreement 

between the two methods depends not only on the lake, its trophic status and phytoplankton 

community, but also on the overall biomass found in the lakes: too low or too high Chl a 

concentrations might be difficult to allocate accurately to the phytoplankton groups. 

Generally, lake identity and trophic status are two different effects, yet, in natural 

surroundings it is rather difficult to differentiate between these two, as “real” replicates are not 

possible. Nevertheless general effects of the trophic status like an increase in cyanobacteria 

with higher trophic status affect and interact with the respective lake identity. Therefore it can 

be assumed that the different trophic states of the investigated lakes certainly have an impact 

on our findings.   

When differentiating between the chrysophytes and diatoms via CHEMTAX, we found higher 

abundances of diatoms in the oligotrophic lake compared to chrysophytes, while the opposite 
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was the case in the meso-oligotrophic and the mesotrophic lake. However, microscopic counts 

indicated a mismatch between the chrysophytes and diatoms in the meso-oligotrophic and the 

mesotrophic lake, while the abundances of those two groups, as determined with CHEMTAX, 

corresponded well to the cell counts in the oligotrophic lake. One explanation for such 

findings may be the usage of different input ratio matrices for the oligotrophic lake compared 

to the meso-oligotrophic and the mesotrophic lake. However, a repetition of CHEMTAX 

calculations for the meso-oligotrophic lake with the input ratio matrix for oligotrophic lakes 

(Schlüter et al. 2016) yielded unaltered results. 

Interestingly, with both AlgaeLabAnalyser and CHEMTAX, we found the lowest average 

diversity in the oligotrophic Lake Brunnensee. This was surprising, as many studies claim that 

oligotrophic lakes usually harbor more diverse phytoplankton communities compared to 

mesotrophic or eutrophic lakes (Dodson et al. 2000, Leibold 1999). Our observations is 

probably due to a strong dominance of chromophytes and in particular diatoms in Lake 

Brunnensee. Nevertheless, we cannot exclude that despite the low functional diversity 

observed in Brunnensee, there may be an underlying high species richness within one 

functional group. Besides, due to the low overall biomass in the oligotrophic lake, rarely 

occurring phytoplankton species might be underestimated with both methods as too little 

individuals per liter are present in the samples. 

Both the AlgaeLabAnalyser and HPLC/CHEMTAX are fast and useful tools for the 

assessment of the phytoplankton community composition. However, the agreement between 

the methods was not always completely satisfactory. This is similar to findings by Richardson 

et al. (2010) and may be due to different marker pigments utilized by the two methods. Also, 

more pigments should be included in the HPLC analysis, especially to be able to distinguish 

between diatoms and chrysophytes, e.g. violaxanthin and chlorophylls c1 and c2. As both 

methods have advantages and disadvantages, the method of choice depends on the aim of the 

study or the field of use. While the AlgaeLabAnalyser is more suitable for rapid monitoring, 

CHEMTAX provides a higher resolution of the biodiversity in the community and better 

estimates of cyanobacterial abundances. 
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4.5 Conclusions and outlook 

With my laboratory experiments I could show that a diversity manipulation of natural 

phytoplankton communities is possible utilizing dilution or disturbance. Both tested 

techniques allowed to establish diversity gradients that could for instance be of further use in 

biodiversity ecosystem functioning (BEF) experiments. At the same time the experimental 

design can be upscaled to mesocosm experiments comprising several thousand liters of water. 

This provides the possibility of testing natural phytoplankton communities in set ups that 

closely resemble natural conditions. Such kinds of experiments could fill in the gap left by 

conventional studies using artificially assembled communities under laboratory conditions 

(Giller et al. 2004, Flombaum and Sala 2008).  

After a successful diversity manipulation of the phytoplankton communities, the question 

arose, whether these manipulated communities show comparable reactions to environmental 

stressors and changes as naturally evolved communities that differ in diversity. My analyses 

with manipulated communities from a large scale mesocosm experiment under influence of 

nutrient enrichment thereby show differences in the performance of naturally evolved and 

short-term manipulated communities. It seems that short-term manipulations of diversity result 

in more variable responses while long-term evolved communities respond in a more directed 

way. Stabilizing effects of diversity could definitely be shown while it was difficult to separate 

single drivers operating. Yet, depending on the research question, the diversity gradients from 

these manipulated communities can provide good insight into the mechanisms behind 

biodiversity and ecosystem functioning. Therefore, the way of manipulating diversity (e. g. via 

dilution, different kinds of disturbances such as temperature, nutrients, manipulating 

stratification regimes, etc…) as well as the time scale should be attuned to the respective 

research question. Such diversity gradients should especially be useful in studies analyzing 

mechanisms acting on a trait and functional level as the suggested manipulations act on those 

levels in particular. Following a growing trend towards trait and functional based studies in 

ecology and evolution (Ackerly and Cornwell 2007, Smith et al. 2014, Kiørboe et al. 2018), 

studies as here presented should facilitate a better understanding of the mechanisms driving 

ecosystem functioning relationships. 
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A step towards such trait-based analyses is pursued by my experiments focusing on diatoms as 

a functional group and their traits connected to light usage. With a loss of diversity from this 

functional group, several associated traits also showed specific responses in the community. 

As these traits are closely connected to the functioning of the primary producer community in 

its ecosystem, a loss of traits here is directly connected to ecosystem functioning. Although 

this presents a first attempt of explaining mechanistic links at the basis of aquatic food webs, 

further insight into trait related functioning of ecosystems would be appreciated. For a more 

holistic approach, adding also higher trophic levels to experimental studies could provide a 

more comprehensive understanding (Duffy et al. 2007). In experimental setups as described 

here, a suggestion would be to include natural zooplankton communities in the study to 

analyze the consequences of a loss of diatoms from the community for organisms higher in the 

food chain. I would for example expect trait losses at the light usage level to affect higher 

trophic positions in the food chain via changes in food quality and quantity. With such 

approaches, an understanding of the system’s functioning can be reached that enables better 

predictions and easier development of strategies in environmental management. Combining 

trait based functional research and multi-trophic experimental studies should thereby render 

valuable services.  

Especially within environmental monitoring, in planning and deciding on management 

strategies, time is an important factor. Defining diversity and capturing species abundances in 

phytoplankton communities is still challenging. Apart from microscopy which still represents 

the gold standard and newer molecular tools, it is important to consider less time consuming 

techniques like the here described AlgaeLabAnalyser and HPLC measurements. Both methods 

have weaknesses considering a pure taxonomic assessment of the phytoplankton community. 

Yet, depending on the specific lab requirements and questions asked, they present the 

opportunity of fast analyses. While the HPLC method can give a very good trait based 

overview of the community, the AlgaeLabAnalyser results in a more functional classification 

of the community in a few minutes of time. For taxonomic analyses, molecular tools will 

probably evolve to be the method of choice in the future (e.g. Malviya et al. 2016), though 

implementing trait and functional based studies promises – like discussed above – progress in 

understanding the functioning of ecosystems.  
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A vast majority of water on earth is represented by oceans (> 97 %) and considerably less than 

1 % are freshwater bodies like lakes and rivers (Wetzel 2001). Yet, marine and freshwater 

systems share similar structures and bottom up or top down mechanisms in the food web 

(Hessen and Kaartvedt 2014). Similar effects as those I observed would therefore be expected 

and should be tested in marine mesocosm experiments. Engel et al. (2017) have tested related 

ways of manipulating phytoplankton diversity as discussed here, yet in marine environments. 

Their findings propose a good transferability of experiments as presented in this study to 

marine phytoplankton communities. Experimental approaches like those frequently applied in 

freshwater habitats, become more common in marine studies, which have traditionally been of 

rather descriptive nature. Marine primary producer communities are of utmost significance to 

fishery yields as well as to cycles of matter and the stability of ecosystem functioning in 

oceans (Duffy and Stachowicz 2006). Besides academic interest, transferring the effects 

observed in my freshwater studies to marine systems should therefore provide relevant and 

applicable insight.  

Loss of functional diversity is likely connected to anthropogenic factors influencing the 

environment, resulting in climate change, alteration of biogeochemical cycles and land usage 

or the dispersal patterns of species. Understanding the basic mechanisms driving major 

ecosystem functions can be gained by experiments as presented here. In a world undergoing 

constant change, such insights are important for future management actions and better 

predictability of ecosystem functioning. 
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