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Preface 

Friederike G. Engel 

Even though I was fascinated by and enjoyed being in nature for as long as I can 

think, I still remember the exact moment when I first realized that ecology is super 

cool. I was in high school, studying for my final exam in biology. As I was going 

over the material, it suddenly “clicked”: This all made sense! Of course, there 

were parts that I had to memorize, but there was a certain logic to ecological 

processes and theories that spoke to me. Everything was connected, one process 

explained another, and I could much better understand what was going on around 

me in nature. Since that day, I continued on the path to becoming an ecologist. I 

wanted to understand why certain species live in specific areas, how several 

species can coexist, and why some species disappear. 

During my B.Sc. and M.Sc. studies, I got involved in experimental biology and 

was able to independently design my first experiments. I tested how different pH 

levels influence soft coral growth, studied the effects of hormones in the rivers on 

fish metabolism, and finally started experimenting with entire communities of 

organisms. I wanted to find out how changing conditions influence species 

diversity and ecosystem functioning in phytoplankton communities. The 

mechanisms governing the interactions between organisms and their environment 

intrigued me and fueled my interest in community ecology. Coupled with the 

eminent threat of global climate change and the global biodiversity crisis, this area 

of study was highly relevant to me. 

My early attempts as an ecologist culminated in four years of doctoral research in 

experimental community ecology of benthic microalgae. During these years, 

through many ups and downs, such as new discoveries and failed experiments, I 

investigated interactions and habitat properties that influence diversity and 

ecosystem functioning of benthic microalgae in estuaries. In this thesis, I present 

the results of my work for which I experimentally tested how different predicted 

global change scenarios influence the community dynamics of benthic 

microalgae. This thesis marks the beginning of my journey as an experimental 

ecologist.
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Studying, and striving for 
truth and beauty in general, 
is a sphere in which we are allowed 
to be children throughout life. 

- Albert Einstein (1921) 
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Chapter 1 

Introduction 

 
Friederike G. Engel 

Global Biodiversity Loss and Ecosystem Functioning 

A characteristic feature of planet Earth is the high number of different species 

inhabiting it. Estimations place todays eukaryotic (i.e. plants, animals, protists, 

and fungi) species richness at nearly nine million (Mora et al. 2011, Cardinale et 

al. 2012) and microbial species richness at up to one trillion (Locey and Lennon 

2016). Even though new species are still discovered every year and it is assumed 

that approximately 90% of all species inhabiting our planet are yet un-classified 

or unknown (Mora et al. 2011), species diversity of higher taxa is already much 

lower than it was in pre-anthropogenic times in Earth history (Pimm et al. 2006, 

Carrasco et al. 2009) and we might be facing a sixth mass extinction very soon 

(Barnosky et al. 2011). However, recent meta-analyses show that despite the 

global trend in species declines, species richness does not seem to have decreased 

on the local scale (Vellend et al. 2013, Dornelas et al. 2014, Elahi et al. 2015). 

These results are challenged by others due to technical issues (Gonzalez et al. 

2016) and some studies indeed show that local species richness has decreased 

from local anthropogenic impacts; such as increased land-use (Newbold et al. 

2015) and coastal pollution (Elahi et al. 2015). However, biodiversity is much 

more than species richness, which is still the most often used indicator for 

biodiversity, especially in experimental studies. Changes in species composition 

and dominance patterns are at least as important as species richness and these 

changes have been observed on the local and global scale (Hillebrand et al. 2008, 

2017, Magurran 2016, Jones et al. 2017). Therefore, it is important to not only 

take species richness but also species composition into account when studying 

biodiversity (Box 1). 
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The pattern and regulation of biodiversity has been of interest to ecologists since 

the time of Darwin. For more than two decades now, triggered by the need to 

understand the consequences of global biodiversity loss (Gamfeldt and Hillebrand 

2008), much of biodiversity research has focused on the causal relationship 

between biodiversity and ecosystem functioning (BEF; Box 2). This has led to the 

creation of a number of synthesis reports and meta-analyses on the topic, which 

show that biodiversity is fundamental for the functioning of ecosystems (e.g. 

Loreau et al. 2001, Hooper et al. 2005, 2012, Cardinale et al. 2012, Duffy et al. 

2017). For example, it is now evident that biodiversity loss leads to a reduction of 

resource uptake in communities and that increased diversity improves 

productivity (Cardinale et al. 2012, Duffy et al. 2017). In addition, higher 

biodiversity can also increase the stability of ecosystems (Tilman et al. 2006, 

Loreau and de Mazancourt 2013). In some systems, the loss of diversity can have 

the same magnitude of negative impact on ecological processes as droughts, UV 

radiation, climate warming, elevated CO2 levels, and nutrient pollution (Hooper 

et al. 2012). 

For technical and logistical reasons, many of these important experiments tested 

the effects of species richness and identity on ecosystem functioning under 

simplified conditions: They were done over short periods of time and at small 

scales, and often used artificial species assemblages (Brose and Hillebrand 2016). 

Consequently, there is a general call to move further and test these results in real-

world ecosystems (Gamfeldt and Hillebrand 2008, Duffy 2009, Brose and 

Hillebrand 2016). Advances to better understand biodiversity effects in real 

ecosystems include making experiments more realistic. Examples of how this can 

be achieved include using entire natural communities instead of single species or 

artificial assemblages, adding temporal replication of sampling times, including 

dispersal to connect local communities with one another, and testing the response 

of communities to natural stressors such as heatwaves and mechanical 

disturbances.  

  



CHAPTER 1 

15 

BEF in Microalgae Communities 

Most of the studies that show positive correlations between species diversity and 

ecosystem functioning are from terrestrial ecosystems (Forster et al. 2006). 

However, properties of microalgae communities can vary drastically from 

terrestrial systems (Covich et al. 2004, Gross et al. 2014). Phytoplankton and 

benthic microalgae contribute only a minor part to the standing stock of global 

photosynthetic biomass, but due to their fast generation times, together they 

account for at least 50% of global primary production (Field et al. 1998). A 

number of studies on microalgae show a generally positive relationship between 

biodiversity and ecosystem functioning. For example, higher diversity increases 

primary productivity in phytoplankton communities (Vadrucci et al. 2003, 

Ptacnik et al. 2008) and in streams more diverse benthic algae communities have 

higher nitrate uptake and storage abilities than less diverse communities 

(Cardinale 2011). However, results vary depending on the study system. In a study 

with intertidal benthic microalgae, for example, the relationship between species 

diversity and biomass is negative and the relationship between diversity and net 

primary productivity depends on site-specific characteristics (Forster et al. 2006). 

Moreover, in a microcosm experiment with marine pelagic diatoms, higher 

biodiversity increases resistance but decreases resilience after exposure to a 

chemical stressor (Baert et al. 2016). This illustrates that it is important to test 

ecological processes in multiple ecosystems and not to generalize responses 

across all systems. 
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BOX 1. Measures of Biodiversity 

Biodiversity can be measured in several ways but deemed most important are species 

richness (= the number of species present), species evenness (= the relative abundance of 

species) and heterogeneity (= the dissimilarity among life forms; Hooper et al. 2005, 

Cardinale et al. 2012, Purvis and Hector 2000, Soininen et al. 2012). 

Biodiversity Indices 

Shannon Diversity considers both species richness and evenness. It measures the 

proportional abundance (pi) of each species i from the overall number of individuals (N) of 

all different species (S). It therefore calculates the relative abundance of the single species 

present in the population.  

𝐻′ = − ∑ 𝑝𝑖 ln 𝑝𝑖

𝑆

𝑖=1

 

Just as Shannon diversity, the Simpson Index combines measures of species richness and 

evenness. The index expresses the probability that two randomly chosen individuals from 

all individuals in the community (N) belong to the same species. In this formula, ni is the 

number of individuals of a species i and n is the total number of individuals present. This 

index is heavily weighted towards the most abundant species and is less sensitive to species 

richness than the Shannon Index.  

𝐷 = 1 − ∑
𝑛𝑖(𝑛𝑖 − 1)

𝑛(𝑛 − 1)

𝑆

𝑖=1

 

A measure of evenness that is often used in ecological studies is Pielou’s Evenness. This 

index shows how equally the individuals in a community are distributed among different 

species. The higher the value of J’, the more evenly the individuals are distributed among 

the different species. In this formula, S is the total number of species present.  

𝐽′ =  
𝐻′

ln 𝑆
 

To measure the compositional differences between two distinct sites, the Bray-Curtis 

Dissimilarity Index can be used. It is based on comparing counts at both sites with one 

another. In this formula, Cij is the sum of the lesser value for all species that are present in 

both sites. Si and Sj are the total numbers of species counted at each respective site. The 

index ranges from 0 to 1, where a value of 1 means that the two sites have the same 

composition and a value of 0 that the two sites have no species in common. 

𝐵𝐶𝑖𝑗 =  
2𝐶𝑖𝑗

𝑆𝑖 + 𝑆𝑗
 

Recently, a new index for measuring the compositional change over time has been developed 

(Hillebrand et al. 2017). The index captures species turnover in communities. In this index, 

pi and pꞌi are species proportional abundances in a community at time 1 and time 2, 

respectively. 

𝑆𝐸𝑅𝑎 =  
∑ (𝑝𝑖 − 𝑝′𝑖)

2
𝑖

∑ 𝑝𝑖
2 + ∑ 𝑝′𝑖

2 − ∑ 𝑝𝑖𝑝′𝑖
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BOX 2. Biodiversity and Ecosystem Functioning (BEF) 

Biological diversity, or biodiversity is defined as “[…] 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” (Convention on 

Biological Diversity 1992). 

The rates, magnitudes, or temporal dynamics of ecological processes that regulate the flux of nutrients, organic 

matter and energy in a community is called ecosystem functioning. Important ecosystem functions are for 

example primary production, nutrient cycling, and decomposition (Tilman 2000, Cardinale et al. 2012). 

Effects of Biodiversity on Ecosystem Functioning 

In recent years, after decades of discussion, the consensus among ecologists is that biodiversity has important 

effects on ecosystem functioning, but that generalizations across all ecosystems and functions are 

inappropriate. Every function has to be analyzed separately for its dependency on biodiversity (Cardinale et 

al. 2012, 2013). Studies have shown that the loss of biodiversity reduces the efficiency of resource capture, 

biomass production, decomposition and nutrient cycling in ecological communities. In addition, high 

biodiversity stabilizes ecosystem functions over time (Cardinale et al. 2012). In some experiments, 

communities with higher species richness have also been shown to be more resistant to invasion by exotic 

species (Hooper et al. 2005). 

Why Does Biodiversity Influence Ecosystem Functioning? 

Mechanisms of why biodiversity influences ecosystem functioning are still under constant observation. The 

two mechanisms thought to be the main drivers of the process are the complementarity and selection effect 

(Loreau and Hector 2001, Fox 2005). 

The selection effect states that the dominance of species with particular ecological traits affects ecosystem 

functioning. Species that are high-yielding in mono cultures and that are competitively superior will also be 

the dominant species in mixtures, thus mixtures can never be higher yielding than the best monoculture (Loreau 

and Hector 2001, Fox 2005). Combined with the sampling effect, which constitutes that communities with 

high species diversity are statistically more likely to contain a high-yielding species that is specifically adapted 

to the conditions, this effect can link biodiversity and ecosystem functioning (Huston 1979, Aarssen 1997, 

Tilman et al. 1997, Loreau 1998, Loreau and Hector 2001, Loreau et al. 2001, Fox 2005). 

The complementarity effect is explained by the complementary functional differences in resource uptake and 

conversion (resource partitioning) as well as positive interactions between species in a community which leads 

to more efficient resource use overall (Loreau 1998, Loreau and Hector 2001, Hooper et al. 2005, Gross et al. 

2007, Northfield et al. 2010, Cardinale et al. 2011). The complementarity effect is reached through niche 

differentiation or facilitation. The presence of stabilizing niche differences is a precondition for 

complementarity and can lead to transgressive overyielding, which means that species in mixtures outperform 

the best component monocultures (Tilman et al. 1997, Fox 2005, Turnbull et al. 2013). An example for 

complementarity in terrestrial plants is the ability of legumes to fix atmospheric nitrogen, while other plants 

can only utilize soil nitrogen (Loreau and Hector 2001). 

The Relative Importance of Selection and Complementarity Effects 

Many experimental studies show that selection and complementarity effects play equally important roles for 

the net biodiversity effect of a community (Loreau and Hector 2001, Cardinale et al. 2011). However, in long 

term studies and those that analyze non-randomly assembled communities, the complementarity effect 

becomes more important while the selection effect becomes almost zero (Cardinale et al. 2006, Cardinale et 

al. 2011). The strength of the selection effect is reduced when there are stronger niche differences between the 

species in a community, because in that situation more even relative abundances will be favored (Turnbull et 

al. 2013). In the case that niche differences are non-existent, there will be a pure selection effect since the best 

competitor will win. This means that selection effects are indicators of the relative fitness differences in a 

community, but it cannot indicate the strength of those differences (Turnbull et al. 2013). 

Generally, there is an agreement that the complementarity effect in communities is positive through niche 

differentiation or facilitation (Loreau and Hector 2001, Cardinale et al. 2011, Turnbull et al. 2013). However, 

the magnitude of complementarity depends on the effect of stabilizing niche differences and on the relative 

abundance of the competitors in the mixture. If a community is dominated by just a single species, little 

overyielding is possible. Fitness differences in combination with niche differences control the relative 

abundance of species and therefore are important for complementarity (Turnbull et al. 2013). 
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Metacommunities and Dispersal 

Much of the fundamental research on how biodiversity influences ecosystem 

functioning has been derived from experiments using isolated patches of 

communities. This is limiting, because in nature local community assembly 

processes depend on regional factors such as dispersal and the regional species 

pool (Leibold et al. 2004, 2017). The metacommunity concept thus extends our 

understanding of BEF by combining local community structuring mechanisms 

with regional processes (Wilson 1992, Leibold et al. 2004, Holyoak et al. 2005; 

Fig. 1.1).  

 

Fig. 1.1 Schematic representation of the metacommunity concept: Local patches are 

connected via dispersal to form metacommunities. Individuals are exchanged between 

the local patches and the metacommunity species pool is the sum of all local species 

pools. 

Dispersal can greatly influence local and regional diversity and thus ecosystem 

functioning. Dispersal at low to intermediate frequencies can increase biodiversity 

of local patches in metacommunities; because trade-offs between competitive and 

dispersal abilities in homogeneous environments, as well as source-sink dynamics 

in heterogeneous landscapes, can prevent local competitive exclusion (Levins and 

Culver 1971, Mouquet and Loreau 2003, Cadotte et al. 2006). In contrast, 

dispersal at high frequencies often decreases local and regional diversity, because 

the best regional competitor is spread and thus regional competitive exclusion of 

potential locally better adapted species is promoted (Mouquet and Loreau 2003, 

Matthiessen et al. 2010).  

The translation of these mechanisms into ecosystem functioning can be positive 

or negative, depending on the degree of resource partitioning and the spatial scale 

considered (Mouquet and Loreau 2003, Leibold et al. 2017). 
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Benthic Microalgae  

Benthic microalgae are unicellular, photosynthetic, eukaryotic organisms that 

grow within the upper few mm of illuminated sediments and on nearly all coastal 

substrates and structures (e.g. rocks, macroalgae, aquatic plants, piers, boats). 

Benthic microalgae can form extensive biofilms with their associated 

heterotrophic bacteria as they excrete large amounts of extrapolymeric substances 

(EPS) which form a cohesive coating on the surface (Decho 2000; Fig. 1.2b). 

Benthic microalgae primary production can account for up to 50% of estuarine 

primary production which often exceeds the planktonic production in overlying 

waters (Underwood and Kromkamp 1999). 

 

Fig. 1.2 Images of a) an intertidal flat, b) close-up of the sediment with a benthic 

microalgae biofilm, and c) magnified images of benthic diatoms from that biofilm (400x 

magnification). 

Benthic Microalgae on Intertidal Flats 

Benthic microalgae are the main primary producers in many “unvegetated” 

ecosystems such as the intertidal flats of the Wadden Sea (MacIntyre et al. 1996; 

Fig. 1.2a). Benthic microalgae are a mixed assemblage containing many different 

algal groups. However, on (intertidal) mudflats they are usually dominated by 

diatoms (Admiraal et al. 1984, Underwood and Kromkamp 1999; Fig. 1.2c). 

Benthic diatoms can broadly be divided into two groups: epipsammic diatoms 

(small species that live attached to sand grains) and epipelic diatoms (often larger 

species that can move freely in or on the sediment). Epipelic diatoms often 

dominate the bulk of the photosynthetically active biomass in intertidal areas, 

because they represent the cells in a biofilm that can position themselves 
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optimally in the sediment to intercept light (Herlory et al. 2004, Forster et al. 

2006). Frequent disturbances and redistribution of cells due to tides, periodic 

deposition of sediment, and the shallow depth of the euphotic zone makes the 

repositioning vital for continued photosynthesis. In epipelic diatoms, rhythmic 

vertical migration linked to diel and tidal cycles (i.e. behavioral photoacclimation) 

has been observed in many intertidal habitats (Admiraal et al. 1984, Underwood 

2005). The organisms migrate to the surface during the day but only when the 

sediment is exposed at low tide. During the night and at high tide, they move 

deeper down into the sediment (Yallop et al. 1994, MacIntyre et al. 1996). Once 

the irradiance gets too high, single species can migrate away from the surface of 

the biofilm, preventing photoinhibition and enabling other species to continue to 

photosynthesize (Kromkamp et al. 1998, Perkins et al. 2001). The diatom 

movement can be from 10 to 27 mm per hour (Hopkins 1963). 

Benthic microalgae build the base of intertidal food webs (Admiraal et al. 1984, 

Underwood et al. 1998) and are the main food source for many organisms living 

on intertidal flats ranging from bacteria to meio- and macrofaunal (Heip et al. 

1995, Middelburg et al. 2000, de Deckere et al. 2001). Due to their low amount 

of structural carbon, benthic microalgae, in particular diatoms, are characterized 

by a favorable C:N:P ratio (Baird and Middleton 2004) and contain important 

longer chain polyunsaturated fatty acids (Dunstan et al. 1994). As such they are 

the predominant food for meio- and macrofaunal grazers and sediment feeders. 

Heterotrophic bacteria rely on the excreted EPS from benthic microalgae as main 

carbon source (Cahoon 1999, Underwood and Kromkamp 1999).  

Benthic microalgae are also associated with increasing sediment stability on 

mudflats: Due to the formation of biofilms via EPS exudation, they can increase 

erosion resistance in the sediments (Smith and Underwood 1998, 2000, de 

Brouwer and Stal 2001, Tolhurst et al. 2003). Furthermore, benthic microalgae 

communities influence many biogeochemical processes and play an important 

role in regulating inorganic nutrient exchange between benthic and pelagic 

systems. They are especially important for the exchange and cycling of nitrogen 

(i.e. nitrification and denitrification) and the sequestration of phosphorus, silicate 

and nitrogen from the water column (Rysgaard et al. 1994, Dong et al. 2000, 

Sundbäck et al. 2000, Thornton et al. 2002).  

Benthic microalgae on intertidal flats are exposed to large spatial and temporal 

variation in habitat conditions. The system is characterized by strong gradients 

and fluctuations in factors such as oxygen, temperature, nutrients, salinity, 
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inundation, wave action, sediment grain size, and grazer abundance. In addition, 

there are distinct seasonal and annual changes such as temperature and irradiance 

(MacIntyre et al. 1996, Sahan et al. 2007, Scholz and Liebezeit 2012a). This 

variability leads to niche separation among different microalgae species and thus 

drives the creation of differing species composition and community structures in 

different mudflat biofilms, which in turn can lead to large differences in 

ecosystem function on small spatial and temporal scales (Underwood et al. 1998, 

Underwood and Provot 2000, Patil and Anil 2005, Sahan et al. 2007). 

Climate Change and Benthic Microalgae 

In recent centuries, the human influence on the planet has become ever larger. It 

is now well accepted that anthropogenic pressures contribute greatly to climate 

change on Earth (Millenium Ecosystem Assessment 2005, IPCC 2014). Climate 

change is one of the most severe threats to global biodiversity today (IPCC 2014). 

At the same time biodiversity is one of the largest safeguards of retaining 

ecosystem functions in a changing world (Norberg et al. 2001, Elmqvist et al. 

2003, Hooper et al. 2005, Cardinale et al. 2012). 

In general, it is predicted that the future global climate will include higher average 

temperatures, sea level rise, and more frequent extreme weather events such as 

heat waves, storms, and floods (IPCC 2014). Due to the combination of these 

characteristics, these changes could be especially severe for coastal areas 

(Nicholls et al. 2007). Even though intertidal organisms, including benthic 

diatoms, are frequently exposed to wide ranges of temperature, salinity, and 

inundation and therefore are thought to be relatively robust towards changes in 

their abiotic environment (Underwood and Kromkamp 1999), they are not 

indifferent to climate change. The biggest threats posed by altered environmental 

conditions to the ecosystem function of intertidal diatoms will most likely be 

caused by changes in competition and predation (Hillebrand 2011). Both 

heterotrophic and autotrophic organisms are dependent on temperature for their 

metabolisms (Clarke and Fraser 2004). However, it has been shown that at 

increased temperatures heterotrophic organisms often outcompete autotrophs, 

because their metabolism responds more strongly and faster to warming which 

leads to a more rapid increase in biomass. This gives them an advantage over 

autotrophs and shifts in food webs can occur (O’Connor et al. 2009). Increased 

top-down control by grazers (Montagna 1984, Morrisey 1988, Smith et al. 1996, 

Sahan et al. 2007, Werner and Matthiessen 2013) and an increased load of bacteria 

(White et al. 1991, O’Connor et al. 2009, 2012) can diminish autotrophic 
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communities. Thus, a shift from an autotrophic dominated towards a heterotrophic 

dominated system could occur on intertidal flats in the future, which could lead 

to a reduction in EPS availability (Wolfstein and Stal 2002) and consequently 

sediment stability. 

Thesis Outline 

In this thesis, I investigate the impacts of different potential climate change 

stressors on biodiversity and ecosystem functioning in benthic microalgae 

metacommunities. With my research, I address the following general questions: 

1. Do potential climate change stressors influence biodiversity and ecosystem 

functioning of benthic microalgae? 

2. Which ecological processes determine the response of microalgae to 

stressors throughout community succession? 

3. Does increasing the realism of ecological experiments alter the response of 

benthic microalgae to simulated climate change stressors? 

To answer these questions, first, I tested the importance of higher level 

biodiversity on benthic microalgae function by conducting a field experiment and 

transect sampling on the intertidal flat to examine the effect of an ecosystem 

engineer (i.e. blue mussel) on biomass and productivity of benthic microalgae 

(Chapter 2).  

In the following chapters, I describe and discuss results of laboratory experiments 

testing the interaction between climate change and biodiversity, by exposing 

benthic microalgae (meta)communities with differing species composition to 

various climate change stressors. In these experiments, I studied the effects of 

bacterial dominance (Chapter 3), an experimental heatwave (Chapter 4), and a 

mechanical disturbance (Chapter 5) on benthic microalgae biodiversity and 

ecosystem functioning. I give a detailed look into the community dynamics of 

benthic microalgae metacommunities and highlight the importance of initial 

species composition and dispersal for community processes and functioning over 

time. I present evidence for the significance of considering multiple temporal and 

spatial scales in ecological experiments and advocate the use of more realistic 

experimental set-ups in BEF research. 

Finally, I discuss the implications of these community dynamics in benthic 

microalgae metacommunities for BEF research and conservation ecology in a 

more general context (Chapter 6).
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We live in a society absolutely dependent 
on science and technology and yet have  
cleverly arranged things so that almost 
no one understands science and technology.  
That’s a clear prescription for disaster. 

- Carl Sagan (1994)  
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Chapter 2 

Mussel beds are biological power stations on 

intertidal flats 

 
Friederike G. Engel, Javier Alegria, Rosyta Andriana, Serena Donadi, Joao B. 

Gusmao, Maria A. Van Leeuwe, Birte Matthiessen, Britas Klemens Eriksson 

Abstract 

Intertidal flats are highly productive areas that support large numbers of 

invertebrates, fish, and birds. Benthic diatoms are essential for the function of 

tidal flats. They fuel the benthic food web by forming a thin photosynthesizing 

compartment in the top-layer of the sediment that stretches over the vast sediment 

flats during low tide. However, the abundance and function of the diatom film is 

not homogenously distributed. Recently, we have realized the importance of 

bivalve reefs for structuring intertidal ecosystems; by creating structures on the 

intertidal flats they provide habitat, reduce hydrodynamic stress and modify the 

surrounding sediment conditions, which promote the abundance of associated 

organisms. Accordingly, field studies show that high chlorophyll a concentration 

in the sediment co-vary with the presence of mussel beds. Here we present 

conclusive evidence by a manipulative experiment that mussels increase the local 

biomass of benthic microalgae; and relate this to increasing biomass of microalgae 

as well as productivity of the biofilm across a nearby mussel bed. Our results show 

that the ecosystem engineering properties of mussel beds transform them into hot 

spots for primary production on tidal flats, highlighting the importance of 

biological control of sedimentary systems. 
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Introduction 

Benthic microalgae are important primary producers in intertidal soft-sediment 

habitats where they contribute up to 50% of total primary production (Underwood 

and Kromkamp 1999). In these highly productive areas that have a great 

ecological and economical value across the globe (Heip et al. 1995), benthic 

microalgae fuel the benthic food web by forming extensive biofilms that support 

a vast array of organisms (Decho 2000, Stal 2003, Kromkamp et al. 2006, Markert 

et al. 2013, Rigolet et al. 2014). Resource availability and grazing play important 

roles in regulating benthic microalgae (Underwood and Kromkamp 1999, 

Weerman et al. 2011a, 2011b). However, on tidal flats, large-scale heterogeneity 

in the abundance and productivity of benthic microalgae is commonly attributed 

to abiotic conditions, where increasing hydrodynamic stress decrease benthic 

microalgae biomass by resuspension of the sediment (de Jonge and van Beusekom 

1995, van der Wal et al. 2010). Recently, we have recognized the importance of 

biological control over local hydrodynamic conditions on intertidal flats (van der 

Zee et al. 2012, Donadi et al. 2013a) and shown that the high abundances of 

benthic microalgae correlate strongly with the occurrence of mussel beds (Donadi 

et al. 2013b, Nieuwhof et al. personal communication). 

Organisms that modify their habitats can facilitate complex food-webs by 

providing structural complexity and improving environmental conditions for 

many organisms (Olff et al. 2009, Kéfi et al. 2015, van der Zee et al. 2016). On 

tidal flats, above-ground aggregations of bivalves such as mussels or oysters can 

build extensive habitat-forming reefs (e.g. mussel beds). These structures are of 

fundamental importance for biological control of ecosystem structure and 

properties (Commito et al. 2008, Gutiérrez et al. 2011, van der Zee et al. 2012, 

Donadi et al. 2013a, 2015). By creating large emergent structures in the otherwise 

predominantly flat and soft-bottomed landscape, bivalve reefs generate habitat for 

many other species that live in or on the sediment (van der Zee et al. 2012, 

Nieuwhof et al. 2015). The reefs physically protect the surface sediment against 

erosion and resuspension, and furthermore increase organic matter content via 

suspension feeding and biodeposition (Widdows and Brinsley 2002). The habitat 

modifying properties and ecosystem effects extend up to several hundred meters 

around reefs (van der Zee et al. 2012, Donadi et al. 2013a, 2013b, 2015, van de 

Koppel et al. 2015), which is reflected by a conspicuous increase of benthic 

microalgae biomass in the vicinity of intertidal mussel beds (Donadi et al. 2013b). 

Due to these impacts on a large spatial scale, it can be assumed that the interaction 

between benthic microalgae and intertidal bivalve reefs contribute significantly to 
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coastal production. However, the assumed regulatory importance of bivalve reefs 

for microalgae biomass is based on observational data and statistical modelling 

only, while the causal link of (living) bivalves facilitating benthic diatoms have 

not been extensively examined. Consequently, we lack conclusive empirical 

evidence of the facilitation effect. In addition, due to limited measurements of 

actual productivity, we have a poor understanding of how the increased biomass 

of microalgae (commonly estimated by chlorophyll a concentration) around reefs 

relate to productivity of the system.  

In this study, we tested the hypothesis that mussel beds increase the local biomass 

of benthic microalgae on a tidal flat. First, we showed that the biomass of benthic 

microalgae was consistently elevated across a mussel bed over several years and 

related this to higher primary productivity. We then used empirical evidence from 

a small-scale field experiment to demonstrate that the addition of live mussels to 

bare plots facilitates benthic microalgae. 

Material and Methods 

Set-up Transects 

We set up two parallel transects spanning a distance of 1 km each on a tidal flat 

south of the island Schiermonnikoog (North 53.489˚, East 6.215˚, Friesland, The 

Netherlands; see Appendix A2.1). This tidal flat is a mudflat with varying 

sediment grain types ranging from fine mud to sand. During low tide, the flat falls 

completely dry and the tidal range is about 3.5 m. The two transects were 300 m 

apart and perpendicular to the coast. One transect crossed a Mytilus edulis (blue 

mussel) reef that was ca. 100 m wide and extended for approximately 250 m along 

the coast; the other one was in a habitat without mussels present. The mussel bed 

is elevated and exhibits spatial self-organization on two scales: 1) a banded pattern 

with mussels on top of several meter large hummocks of accumulated sediment 

and small pools of 1-2 m in diameter, that are void of mussels and retain water 

during low tide (Liu et al. 2012), and 2) a labyrinth-like banded pattern of small 

mussel clusters that aggregate on the 5-10 cm scale (van de Koppel et al. 2008), 

but that changes into a thick homogenous cover of mussels at peak densities on 

the hummocks. We established the first point of each transect 350 m coastward of 

the mussel bed (about 500 m from the shore) and placed subsequent points every 

50 m in seaward direction up to 100 m behind the mussel bed (last point ca. 1000 

m from the shore). The transect points were selected to cover a visible plume of 

muddy sediment that extended around the mussel bed. 
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In June 2012, we sampled chlorophyll a concentration at six transect points in 

both transects (-300 m, -200 m, -100 m, 0 m, + 100 m, + 150 m distance to the 

mussel bed/ the corresponding tidal elevation in the no mussel bed habitat, where 

negative values mean distances coastward of the mussel bed/ the corresponding 

tidal elevation in the no mussel bed habitat and positive distances seaward of the 

mussel bed/ the corresponding tidal elevation in the no mussel bed habitat). 

Distance to the mussel bed is hereafter referred to collectively as distance to the 

mussel bed in both habitats. Sampling was replicated spatially, by including 

samples 50 m to the right and 50 m to the left of each transect point (N=36). In 

2015-16, we took chlorophyll a and organic matter samples at five similar transect 

points in both transects (-350 m, -200 m, -100 m, 0 m, + 100 m distance to the 

mussel bed, where negative distances are coastward and positive distances are 

seaward of the mussel bed), but instead of two spatial replicates we repeated the 

sampling six times in total (October 2015, October 2016, April 19 2016, April 29 

2016, May 2016, June 2016). Due to unexpected weather conditions, we could 

not sample the two last transect points for the no mussel bed habitat in October 

2015 (0 m, + 100 m) and had to abandon the last sampling point (+ 100 m) in both 

habitats in April 2016 (N=56). 

We measured photosynthetic yield of the sediment as proxy for benthic 

microalgae productivity at two different time points. In June 2012 and June 2016, 

we took triplicate samples in five transect points per habitat.  

Set-up Field Experiment 

We designed an experiment to analyze the local effects of mussel presence on 

benthic microalgae in small-scale plots of 0.5 m2 (Fig. A2.1.2a). Thus, we did not 

simulate the hierarchical spatial structure of intertidal mussel beds (as described 

above; see also Snover and Commito 1998, Kostylev and Erlandsson 2001, 

Commito et al. 2006), or their long-range effects (Donadi et al. 2013a, 2013b, van 

de Koppel et al. 2015). Our experiment allowed us to assess the effect of mussels 

at the plot scale, avoiding possible confounding effects that different 

environmental factors could have when including multiple spatial scales in the 

experimental design (Wiens 1989, Commito et al. 2006). 

We set up the mussel facilitation experiment in three different sites on the same 

tidal flat as the transects, south of Schiermonnikoog island (Fig. A2.1.1a, c). The 

three sites were placed at the same tidal elevation, meaning that all plots fell dry 

at the same time during low tide, but along a gradient of influence by mussel beds 
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which also means that they differ in sediment erosion, organic matter content and 

infauna community composition (van der Zee et al. 2012, Donadi et al. 2013b, 

2015). Site 1 was placed in the transect without a mussel bed; Site 2 coastward of 

the mussel bed included in the mussel bed transect (300 m to the east of Site 1); 

and Site 3 coastward of another larger mussel bed that is 100-200 m wide and 

extends almost 1000 m along the coast (2000 m east of Site 1; Fig. A2.1.1a). 

In each site, we tested the effects of adding mussels on benthic microalgae 

biomass. For this, we prepared four different treatments with three replicates in 

each site, leading to 36 experimental units (plots) in total. Each individual plot 

had an area of 0.25 m2 (plot dimension: 0.5 m by 0.5 m) and each corner of the 

plot area was marked with a plastic pole. The poles were 66 cm long and inserted 

about 30 cm deep into the sediment. The distance between the plots was 5 m on 

each side. 

The experiment combined two mussel addition treatments and two controls in a 

factorial design with: a fenced control (FC; Fig. A2.1.2b), a fenced mussel 

addition treatment (FM; Fig. A2.1.2c), a semi-caged control (CC; Fig. A2.1.2d), 

and a semi-caged mussel addition treatment (CM; Fig. A2.1.2e). For the two 

mussel addition treatments (FM, CM), we collected live Mytilus edulis and 

distributed them evenly in the plots so that the surface of the entire plot was 

covered. After the addition, the mussels organized themselves in the plots 

overnight by creating a spatial pattern of 5-10 cm banded aggregations (Fig. 

A2.1.2e). Placing experiments on an intertidal flat may lead to critical artifacts 

because of changes to water flow caused by equipment rather than treatments, but 

also because of changed predation rates since the experiment may hinder or attract 

natural predators. This is critical when placing bivalves on the tidal flat, since they 

become islands of food for both birds and crabs that quickly consume the 

treatments. We therefore constructed two types of experimental controls: one 

semi-caged control (CC) that excluded both crab and bird predation but may have 

strong effects on flow attenuation; and one fenced control that only excluded bird 

predation but with minimal effects on flow. The semi-caged control consisted of 

a coarse plastic-coated metal net that was wrapped around the marking poles. The 

net (mesh size: 1.2 cm) was placed directly on the seafloor with no space below 

it and had a height of 25 cm. The fenced control (FC) had a string attached to the 

poles at about 25 cm height, wrapping around the plots as protection against 

predation from birds (van Gils et al. 2012). The distribution of the plots was 

randomized within sites. Deployment of all plots disturbed the sediment in the 
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same way, as all treatments had the same basic built with the four plastic poles in 

each corner. The experimental plots were set-up in three rows perpendicular to 

the tidal currents; the most seaward row of treatments was hit by the tides first in 

all three sites (Fig. A2.1.1a, Fig. A2.1.1c, Fig. A2.1.2a). 

To test for experimental artifacts, we also included a control without a fence that 

was only marked in the corners of the plot (no string between the poles; 

randomized among the other treatments at each site; N=9; Appendix A2.2).  

Deployment of the experimental plots took place in the end of April 2015. After 

more than a month, in June 2015, we took chlorophyll a and organic matter 

samples in all experimental plots. We also collected data on hydrological 

conditions by using dissolution plasters as proxy for hydrodynamic stress (for 

methods see Donadi et al. 2013b). The dissolution plasters are cylindrical plaster 

molds which we expose to the hydrodynamic conditions of the study area during 

high tide and then estimate erosion by calculating the relative plaster weight loss. 

We deployed two dissolution plasters in each experimental plot for two tidal 

cycles before the final sampling.  

Due to a severe storm in the end of May 2015, we lost three replicates of the semi-

caged control (CC; two in Site 1 and one in Site 3), so that the total N=6 for this 

treatment. 

Sampling and Analysis 

Chlorophyll a concentration in the sediment was measured as proxy for benthic 

microalgae biomass. For the chlorophyll a samples we collected three cores 

(diameter: 26 mm, depth: 2 mm) in the respective transect points. We pooled the 

sediment from all three cores and wrapped them onto a 10x10 cm piece of 

aluminum foil to prevent exposure to light. The sediment in the foil was placed 

into small labeled plastic bags which were sealed and stored on ice in the dark 

immediately after collection. The samples were transported in cool boxes to the 

laboratory (<24h). Samples were taken within a few hours on the same day in all 

plots. Once returned to the lab, we freeze-dried the samples and determined 

chlorophyll a content by acetone extraction (90%, dark, -20°C, 48 h) and methods 

described by Jeffrey and Humphrey (1975). The 2012 chlorophyll a concentration 

was measured with a spectrophotometer, whereas the 2015-16 samples were 

measured with a fluorometer. 
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For the organic matter samples, we took one sediment core (diameter: 2.6 cm, 

depth: 5 cm) at each transect point and in each experimental plot. The samples 

were placed into labeled plastic bags and stored in cool boxes on ice until they 

were transported to the laboratory. Upon return to the laboratory, the samples 

were frozen at -20°C until further processing. Organic matter content was 

measured by Loss on Ignition (LOI; 4h, 550°C) of oven dried (48h, 60°C) 

samples.  

The dissolution plasters were collected after exposure to two tidal cycles and 

allowed to dry in air for a week. The relative plaster loss was then calculated by 

subtracting the dry weight of the plaster after exposure to the tides from the dry 

weight before exposure. Submersion time in the different plots only varied 

marginally, therefore no standardization was deemed necessary. 

Photosynthetic yield was measured as the maximum quantum yield of 

photosystem II with a Pulse Amplified Modulation fluorometer (Mini-PAM, 

Walz) as a proxy for benthic microalgae productivity. To avoid differences caused 

by different light conditions and changes in weather and timing of the tide, we 

collected triplicate samples of sediment at each transect point and transported 

them back to the lab (some were lost in 2012, reducing replication to duplicates 

at some points, N=30). The samples were placed in petri dishes which were 

randomly distributed on the same shelf in a climate room and allowed to 

acclimatize for half a day (light level: 11 µmol∙m-2∙s-1; temperature: 16°C). The 

photosynthetic yield was then measured using the PAM after 30 minutes of dark 

adaptation. The PAM sensor was fixed 10 mm above the sediment. 

Statistical Analysis 

All statistical analyses were performed and graphs were created in R v 3.3.1 (R 

Core Team 2017). If necessary, the data were log-transformed to meet the 

assumptions of homogeneity of variances and normality of data distribution. 

Transects 

Since the methods for the transect chlorophyll a data varied slightly between 2012 

and 2015-16, we analyzed them separately. 2012 transect chlorophyll a 

concentration did not meet the assumption of homogeneity of variances, even 

after data transformation. Therefore, we analyzed differences in chlorophyll a 

concentration between the habitat types (mussel bed, no mussel bed) using a 

Kruskal-Wallis rank sum tests. We then performed two separate Spearman rank 

correlations for each habitat type, testing if chlorophyll a concentration changed 
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with distance to the mussel bed (300 m, 200 m, 150 m, 100 m, 0 m). We averaged 

all three transects per habitat for the analysis. For the 2015-16 transect data of 

chlorophyll a and organic matter content, we performed analyses of covariance 

(ANCOVA) considering the factor habitat type (mussel bed, no mussel bed) and 

the covariable distance to the mussel bed (Table A2.3.1, Table A2.5.1). For the 

analyses, we used data from all the six different sampling times in 2015-16. We 

pooled the 2012 and 2016 PAM data for the analysis of photosynthetic yield, 

because lost samples of 2012 led to poor replication. We performed an ANCOVA, 

considering year (2012, 2016) and habitat type (mussel bed, no mussel bed) as the 

two factors and distance to the mussel bed as the covariable (Table A2.3.2). We 

used the triplicates per sampling point.  

Field Experiment 

For the experiment, we analyzed the effect of the two different controls and 

mussel addition treatments on chlorophyll a concentration, organic matter content 

and hydrodynamic stress (plaster loss) using a fully crossed three-factorial 

ANOVA with site, cage and mussel addition as fixed factors. 

Results 

Transect Results  

The mussel bed increased benthic microalgae biomass and productivity across the 

intertidal flat; both in the 2012 and the 2015-16 samplings (Fig. 2.1a-d).  

On average, the chlorophyll a concentration was significantly higher in the mussel 

bed habitat compared to the no mussel bed habitat in both sampling periods (Fig. 

2.1a-b; 2012: χ 2=9.62, df=1, p=0.002; 2015-16: F1,52=25.55, p<0.01; Table 

A2.3.1). In 2012, the chlorophyll a concentration significantly increased with 

increasing proximity to the mussel bed in the mussel bed transect (Fig. 2.1a; n=18, 

Spearman R=0.82; t=5.8, p<0.001). In the no mussel bed habitat in 2012, there 

was no similar increase of chlorophyll a with distance to the tidal level of the 

mussel bed (Fig. 2.1b; n=18, Spearman R=0.24; t=0.97, p=0.35). The increase in 

benthic microalgae biomass directly on the mussel bed was on average more than 

25 times stronger in the mussel bed transect compared to points at the same tidal 

elevation in the habitat without a mussel bed (2012; Fig. 2.1a). In 2015-16, the 

chlorophyll a concentration significantly increased with increasing proximity to 

the mussel bed and corresponding tidal level in both transects (Fig. 2.1b; 

significant main effect of distance: F1,52=21.12, p<0.01; Table A2.3.1). The 
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interaction between habitat type and distance to the mussel bed was statistically 

not significant (2015-16: F1,52=1.76, p=0.19; Table A2.3.1), but the increase was 

nearly four times stronger in the mussel bed transect compared to points at the 

same tidal elevation in the habitat without a mussel bed (Fig. 2.1b). 

The effect of the mussel bed on photosynthetic yield depended on the year (Fig. 

2.1c-d), as we detected a significant interaction between year, habitat type and 

distance to mussel bed (F1,50=5.10, p=0.03; Table A2.3.2). In 2012, the 

photosynthetic yield decreased gradually in seaward direction across the transect 

without a mussel bed while it increased strongly with proximity to the mussel bed 

in the mussel bed habitat (Fig. 2.1c). In contrast, in 2016 the photosynthetic yield 

increased gradually in seaward direction across the no mussel bed transect (Fig. 

2.1d). The yield in the mussel bed transect in 2016 was in general higher than in 

the no mussel bed transect, but had an abrupt minimum 100 m coastward of the 

mussel bed, where the yield was even lower than in the no mussel bed habitat at 

a comparable tidal elevation (Fig. 2.1d). This area was characterized by the 

presence of macrofaunal structures (tube worms) that covered the entire area and 

possibly disturbed the biofilm. Overall, photosynthetic yield was higher in 2016 

compared to 2012 (Fig. 2.1c-d; Year: F1,50=36.41, p <0.01; Table A2.3.2) and 

there was a marginal trend towards an average higher yield in the mussel bed 

habitat in both years (Habitat type: F1,50=3.30, p=0.08; Table A2.3.2). The highest 

yield overall was recorded in the mussel bed habitat for both years: in 2012 the 

highest yield was measured directly on the mussel bed (Fig. 2.1c); whereas in 

2016 it was measured 100 m seaward of the mussel bed (Fig 2.1d).  

The positive effect of the mussel bed on both biomass and productivity of the 

benthic microalgae resulted in a strong correlation between chlorophyll a 

concentration and photosynthetic yield across the transects in June 2012 and June 

2016 (including all matching chlorophyll a and yield measurements sampled from 

the same transect points in June 2012 and June 2016: Spearman rank correlation 

ρ=0.76, N=30, p<0.05; Fig. 2.2). 
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Fig. 2.1 a) Chlorophyll a concentration 2012, b) chlorophyll a concentration 2015-16, 

c) photosynthetic yield 2012, and d) photosynthetic yield 2016 in the transects. Negative 

distances to the mussel bed indicate positions coastward of the mussel bed, whereas 

positive values indicate a position seaward of the mussel bed. In the no mussel bed 

habitat, the distances represent similar tidal elevations as in the mussel bed habitat. The 

gray circles represent averages of transects in the mussel bed habitat and the black 

circles represent averages of transects in the no mussel bed habitat. Error bars denote 

standard errors of the mean. 
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Fig. 2.2 Correlation between photosynthetic yield and chlorophyll a concentration for 

both years (2012 and 2016). The gray circles represent data points in the mussel bed 

habitat, whereas the black points represent data points in the habitat without a mussel 

bed. We show data for all transect points that had corresponding chlorophyll a and yield 

measurements (N=30).  
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Results Field Experiment 

The mussel additions doubled chlorophyll a concentration in the sediment (Fig. 

2.3a; Table 2.1). There was an indication of a stronger effect in the caged 

treatments, but there was no significant effect of caging, and no interaction effect 

between caging and mussel addition (Fig. 2.3a; Table 2.1). The mussel additions 

had no significant effects on organic matter content or plaster loss (Fig. 2.3b-c; 

Table 2.1). There was a marginal trend for the cage treatment to decrease plaster 

loss (Fig. 2.3c; Table 2.1), indicating that the cages decreased hydrodynamic 

stress in a way that the mussels alone did not.  

The chlorophyll a concentration of the sediment was higher at site 2 coastward of 

the mussel bed, compared to site 1, without a mussel bed (Fig. A2.4.1a; Tukey 

HSD post hoc test: site 2 > site 1, p<0.05); but there was no interaction between 

the experimental treatments and site, demonstrating that mussels increased 

chlorophyll a concentration across habitat types (Table 2.1). The organic matter 

content was highest at site 2 (behind the smaller mussel bed) and lowest at site 1, 

without a mussel bed (Fig. A2.4.1b; Tukey HSD post hoc test: site 2 > site 3 > 

site 1, p<0.05). There was a non-significant trend for decreased hydrodynamic 

stress at site 3 compared to the other sites (Fig. A2.4.1c). 

  

Table 2.1 Results of three-factorial ANOVA for field experiment testing effects of 

mussel additions (two levels – no mussel addition, mussel addition), cage (two levels 

– cage present, no cage present) and site (three levels); on chlorophyll a concentration 

(Chl a), organic matter content (OM) and plaster loss (PL) in the experimental plots. 

  Chl a (µg/mg) OM (%) PL (%) 

 df F p F p F p 

Mussel addition 

(M) (M) 

1 12.59 <0.01 1.71 0.20 0.66 0.43 

Cage (C) 1 0.52 0.48 0.22 0.65 4.53 0.05 

Site (S) 2 5.45 0.01 16.00 <0.01 0.88 0.43 

M x C 1 0.37 0.55 3.14 0.09 1.46 0.24 

M x S 2 0.21 0.81 1.28 0.30 0.92 0.41 

C x S 2 0.73 0.49 0.70 0.51 3.40 0.05 

M x C x S 2 0.66 0.53 0.82 0.46 0.23 0.80 

Residuals 2

1 
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Fig. 2.3 Average chlorophyll a concentration (a), average organic matter content (b; 

OM), and average plaster loss (c) in the different treatments (FC = fenced control, FM 

= fenced mussel addition, CC = semi-caged control, CM = semi-caged mussel addition) 

of the field experiment. Bars denote standard errors of the mean.  
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Discussion 

We demonstrate that mussel beds increase the biomass of primary producers. 

Previous research had suggested this facilitative effect of mussel beds (Donadi et 

al. 2013b), but did not provide conclusive evidence. Our results are also the first 

to actually link a long-distance interaction of up to 200 m in the vicinity of mussel 

beds, to both increasing biomass of primary producers and higher levels of 

productivity. There was a clear inter-annual variation in both chlorophyll a and 

productivity, where the long-range effect of the mussel bed shifted in magnitude 

and direction between 2012 and 2015-16. However, in general, the areas on the 

tidal flat with the highest biomass of benthic microalgae also had high values of 

photosynthetic yield and these were always the sampling points in proximity of 

the mussel bed; indicating that the positive effect of the mussel bed prevailed 

through the annual fluctuations in environmental conditions. These results 

confirm and highlight the importance of reef-building bivalves for the functioning 

of coastal ecosystems. Specifically, in soft-sediment habitats reef-building 

bivalves act as ecosystem engineers and thereby are essential for associated 

communities (van de Koppel et al. 2015). By creating a three-dimensional habitat 

structure, bivalve reefs are important structuring components of many coastal 

ecosystems. In soft-bottom intertidal areas, bivalve reefs are often the only hard 

surfaces that can be used by other sessile organisms for attachment, favoring 

habitat forming algae and rich communities of epifauna (Albrecht and Reise 

1994). Bivalve reefs are also important nursery grounds for many economically 

important organisms such as fish (Kristensen et al. 2015). In addition to locally 

modifying the habitat with their physical presence, they also have long distance 

effects by creating sediment conditions around them that are beneficial for many 

benthic organisms including infauna species (van der Zee et al. 2012, Donadi et 

al. 2015). This shows that bivalves are autogenic and allogenic ecosystem 

engineers at the same time (Jones et al. 1994). Our study demonstrates that mussel 

beds not only facilitate animal biodiversity on many different trophic levels as 

shown in previous studies (Albrecht and Reise 1994, van der Zee et al. 2012, 

Donadi et al. 2015, Kristensen et al. 2015), but they also provide excellent 

growing conditions for benthic primary producers across the intertidal. Together, 

this demonstrates that mussel beds are hot spots that fuel primary production in 

intertidal areas and support a productive and diverse food web far beyond its 

physical borders. 
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The abundance of benthic microalgae in intertidal sediments strongly depends on 

sediment erosion. Increased hydrodynamic stress leads to higher sediment 

erosion, which in turn re-suspends the microalgae (de Jonge and van Beusekom 

1995). Larger biofilms of benthic microalgae are therefore often found in areas 

that are protected from hydrodynamic stress. Previous research shows that mussel 

beds reduce hydrodynamic stress (Donadi et al. 2013b) and therefore productivity 

of benthic primary producers is expected to increase in the vicinity of these 

structures. Our transect results confirm an increase in primary producer biomass 

closer to the mussel bed, but in our experiment we found that protection from 

hydrological forces alone does not increase the standing stock of primary 

producers. Although shelter by the cages decreased the hydrodynamic stress more 

than the mussels, it was only when mussels were physically present in the plots 

we could demonstrate an increase in primary producer biomass. Generally, in 

addition to reducing hydrodynamic stress, mussels excrete feces and pseudo-feces 

that are rich in organic matter and nutrients which may promote growth of the 

biofilm (van Broekhoven et al. 2015). The physical changes by the mussels may 

also hinder infauna that feed on benthic microalgae and/or affect sediment 

stability via bioturbation. For example, the amphipod Corophium volutator and 

the polychaete Arenicola marina, are common infauna found in the Wadden Sea 

that negatively affect benthic microalgae via grazing and bioturbation, 

respectively (Gerdol and Hughes 1994, Chennu et al. 2015). Thus, the exclusion 

of infauna grazers and bioturbators may also have promoted the biofilm (Gerdol 

and Hughes 1994, Brustolin et al. 2016). However, the reefs also support higher 

abundances of epifauna (Norling and Kautsky 2007), which includes dominant 

grazers such as Littorina littorea (common periwinkle) that consume the biofilm. 

Consequently, in our experiment, on a local scale, the increase in 

microphytobenthos biomass by the physical presence of the mussels may have 

been caused through a combination of: 1) reduced hydrodynamic stress, 2) 

increased nutrient availability, and 3) changes to the associated invertebrate 

community. 

Scale is important for the magnitude of engineering effects. Our experiment was 

designed to analyze effects at small scales and therefore did not simulate the 

hierarchical spatial structure of mussel beds or manipulate long-range effects (Liu 

et al 2012, van de Koppel et al. 2015). The hierarchical structure of the mussel 

patches possibly play a major role on the overall engineering effect of mussel beds 

on the tidal flats systems. Indeed, comparing the experimental results of mussel 

addition to the field measurements across the mussel bed indicates that the 
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facilitative effect on primary producers was dependent on the extent of the mussel 

aggregation. Our small addition plots doubled the biomass of benthic microalgae, 

but this was still less than half of the biomass on the natural mussel bed. The 

importance of the size of mussel patches was previously observed for associated 

macrofauna (Norling and Kautsky 2007). Even though the presence of single 

mussels was shown to increase biomass and species richness of associated 

macrofauna, the increase was much higher in larger patches of Mytilus edulis 

(Norling and Kautsky 2007). The temporal scale is probably also very important; 

the mussel bed from the transect data had been present in the same location for 

multiple years before we took the measurements. This means that there was much 

more time for organic matter to be accumulated in the sediment and we saw a 

large increase of organic matter content on the mussel bed (Fig. A2.5.1). In 

contrast, we did not see any significant effect of the mussel additions on organic 

matter content in the experimental plots, where the mussels only had about one 

month time to produce and accumulate organic matter. Worldwide, we have 

observed a decrease in native bivalve reefs due to overfishing, habitat degradation, 

or invasion of non-native species (Jackson et al. 2001, Edgar and Samson 2004, 

Lotze et al. 2006, Eriksson et al. 2010), which can have detrimental effects on 

coastal ecosystems. Protection and restoration efforts should not only focus on the 

presence of the species but also needs to consider the scale of reefs. 

Our results demonstrate the importance of bivalve reefs for primary production 

on intertidal flats. On a global scale, we see a decline in ecosystem engineering 

species in coastal areas (Jackson et al. 2001, Lotze et al. 2006). Bivalves are 

therefore already of an importance to conservation and restoration efforts in many 

areas of the world (e.g. Schulte et al. 2009, McLeod et al. 2012, de Paoli et al. 

2015). Our research shows that establishing and protecting reefs in soft-bottom 

habitats is a key conservation priority and an essential strategy to restore and 

manage coastal production.  
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Appendix A2.1 Detailed information on study site (transects and 

experiment). 

 

Fig. A2.1.1 Overview of the study areas for the transect measurements as well as for 

the experiment (a); close-up of transect set-up (b); close-up of experimental set-up (c) 

with the four treatments fenced control (FC), semi-caged control (CC), fenced mussel 

addition (FM), and semi-caged mussel addition (CM). 
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Appendix A2.1 (cont’d) 

Table A2.1.1 Coordinates and attributes of transect sampling points. 

Transect Plot Plot ID Habitat Latitude (°N) Longitude (°E) Distance MB (m) 

2 A 2A Mussel bed 53.47090 6.22400 -350 

2 B 2B Mussel bed 53.47045 6.22408 -300 

2 D 2D Mussel bed 53.46955 6.22418 -200 

2 F 2F Mussel bed 53.46865 6.22438 -100 

2 H 2H Mussel bed 53.46776 6.22462 0 

2 J 2J Mussel bed 53.46686 6.22469 100 

2 K 2K Mussel bed 53.46494 6.22492 150 

5 A 5A No Mussel bed 53.47101 6.23025 -350 

5 B 5B No Mussel bed 53.47055 6.23029 -300 

5 D 5D No Mussel bed 53.46967 6.23041 -200 

5 F 5F No Mussel bed 53.46876 6.23050 -100 

5 H 5H No Mussel bed 53.46788 6.23058 0 

5 K 5K No Mussel bed 53.46521 6.23065 150 
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Appendix A2.1 (cont’d) 

 

Fig. A2.1.2 Example of experimental set-up (a; depicted is part of Site 1); fenced control 

treatment (b; FC); fenced mussel addition treatment (c; FM); semi-caged control (d; 

CC); semi-caged mussel addition treatment (e; CM). 

 

Table A2.1.2 Coordinates for set-up sites of the field experiment. 

Site Latitude (°N) Longitude (°E) 

1 53.28590 6.13474 

2 53.28720 6.13293 

3 53.28775 6.11262 
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Appendix A2.2 Cage effect analysis for the experiment 

 

Fig. A2.2.1 Average chlorophyll a concentration (a) and organic matter content (b; 

OM) in the different cage treatments of the experiment (Control, FC = fenced control, 

CC = semi-caged control) of the field experiment. Bars denote standard errors of the 

mean. 
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Appendix A2.2 (cont’d) 

Table A2.2.1 Results of two-factorial ANOVA for cage effect in field experiment. We 

tested the influence of the factors Treatment (three levels – Control, Fence, Cage) and 

Site (three levels) on the response variables chlorophyll a (Chl a) and organic matter 

content (OM). 

  Chl a (µg/mg) OM (%) 

 df Sum Sq F p Sum Sq F p 

Treatment (T) 2 8.72 0.36 0.71 0.37 0.62 0.55 

Site (S) 2 200.16 8.14 <0.01 1.65 2.73 0.10 

T x S 4 16.59 0.34 0.85 0.79 0.65 0.64 

Residuals 15 184.35   4.53   

 

Table A2.2.2 Post-hoc results (Tukey HSD) for cage effect in the field experiment. We 

compared chlorophyll a concentration (Chl a) and organic matter content (OM) in the 

different sites and in the different cage treatments. 

 Chl a (µg/mg) OM (%) 

 p p 

Site 1 x Site 2 <0.01 0.10 

Site 1 x Site 3 0.44 0.22 

Site 2 x Site 3 0.05 0.91 

Control x Fence 0.73 0.57 

Control x Cage 1.00 0.99 

Fence x Cage 0.79 0.70 
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Appendix A2.3 ANCOVA tables for transect data 2012 and 2015-16. 

Table A2.3.1 Results of ANCOVA for transect chlorophyll a (Chl a) data 2015-16. We 

considered the factor habitat type (two levels – no mussel bed and mussel bed), the 

covariate distance to mussel bed (continuous), and the interaction. We used log-

transformed data from all six sampling times. 

 Chl a (µg/mg) 2015-16 

 df Sum Sq F p 

Habitat type (HT) 1 2.47 25.55 <0.01 

Distance (D) 1 2.04 21.12 <0.01 

HT x D 1 0.17 1.76 0.19 

Residuals 52 5.02   

 

Table A2.3.2 Results of ANCOVA for transect PAM data. We considered the factors 

habitat type (two levels – no mussel bed and mussel bed), year (two levels – 2012 and 

2016), the covariate distance to mussel bed (continuous), and all interactions. We used 

triplicate samples per transect point.  

 Photosynthetic Yield 

 df Sum Sq F p 

Habitat type (HT) 1 0.02 3.30 0.08 

Distance (D) 1 <0.01 0.02 0.89 

Year (Y) 1 0.20 36.41 <0.01 

HT x D 1 0.03 5.10 0.03 

HT x Y 1 0.02 3.30 0.08 

D x Y 1 <0.01 0.02 0.89 

HT x D x Y 1 0.03 5.10 0.03 

Residuals 50 0.27   
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Appendix A2.4 Average chlorophyll a, organic matter, and plaster loss per 

site. 

  

Fig. A2.4.1 Average chlorophyll a concentration (a; Chl a), average organic matter 

content (b; OM), and average plaster loss (c) in the different sites of the field experiment. 

Bars denote standard errors of the mean.  
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Appendix A2.5 Organic Matter Content in the Transects  

 

Fig. A2.5.1 Organic matter content (OM) in the transects at different sampling points. 

Displayed are means of the six sampling times in 2015-2016 with standard errors.  

 

Table A2.5.1 Results of ANCOVA for organic matter in the 2015-16 transects. We 

considered the factor habitat type (two levels – no mussel bed and mussel bed), the 

covariate distance to mussel bed (continuous), and the interaction. We used log-

transformed data from all six sampling times. 

 OM (%) 

 df Sum Sq F p 

Habitat type (HT) 1 0.42 21.45 <0.01 

Distance (D) 1 0.60 30.41 <0.01 

HT x D 1 <0.01 0.11 0.74 

Residuals 52 1.03   
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It is not knowledge, but the act of learning, 
not possession, but the act of getting there, 
which grants the greatest enjoyment. 

- Carl Friedrich Gauss (1808)  
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Chapter 3 

Dispersal maintains ecosystem functioning by mitigating 

bacterial dominance over microalgae competitors in a 

metacommunity 

Friederike G. Engel, Francisco Dini-Andreote, Britas Klemens Eriksson, Joana 

Falcao Salles, Maria Julia de Lima Brossi, Birte Matthiessen 

Abstract 

Ecological theory suggests that a combination of local species interactions and regional 

processes, such as dispersal, regulate metacommunity diversity and functioning. On the 

local scale, initial species composition can greatly determine the compositional fate and 

functioning of communities. However, the relative importance of local compositional 

versus regional processes over successional time remains understudied. In this study, 

we used natural competitive benthic microalgae assemblages including their associated 

heterotrophic bacteria communities, to test the relative importance of local initial 

microalgae community composition and dispersal for the regulation of microalgae 

diversity and biomass in metacommunities. Over time, dispersal outweighed initial 

effects of community composition on microalgae evenness and biomass, microalgae β-

diversity, and the ratio of bacteria to microalgae. On the local scale, initial community 

composition was the most important explanatory factor until the mid-term of the 

experiment, encompassing approximately 10 microalgae generations. The strong 

influence of dispersal at the end of the experiment (ca. 20 microalgae generations) 

translated from the local to the metacommunity scale. Dispersal significantly decreased 

microalgae evenness and β-diversity by promoting one regionally superior competitor, 

and declined the ratio of bacteria to microalgae, while it significantly increased 

microalgae biomass. This suggests that the dispersal-mediated establishment of a 

dominant and superior microalgae species prevents bacteria from gaining competitive 

advantage over the autotrophs in these metacommunities, which ultimately maintained 

the provision of autotrophic biomass. Our study emphasizes the importance of 

considering multiple competitors in a metacommunity (i.e. microalgae and associated 

bacteria) to understand the consequences of local change in dominance through 

dispersal. We also highlight the importance of considering time when investigating the 

regulatory role of dispersal on metacommunity structure and functioning. 
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Introduction 

Community ecology has largely focused on understanding the regulation of 

species diversity and its potential consequences for ecosystem functioning. In 

particular, the metacommunity concept has paved the way for greater mechanistic 

insights into the regulation of ecological communities by connecting local 

community structuring mechanisms with regional processes such as dispersal 

(Wilson 1992, Leibold et al. 2004, Holyoak et al. 2005). Low to intermediate 

dispersal frequencies can mitigate local competitive exclusion and thus increase 

diversity either by exhibiting a trade-off between competitive and dispersal 

abilities (Levins and Culver 1971, Cadotte et al. 2006) and/or by promoting 

source-sink dynamics (Mouquet and Loreau 2003). In contrast, dispersal at high 

frequencies often enhances local and regional competitive exclusion, which 

decreases local and regional diversity by favoring the best regional competitor 

(Mouquet and Loreau 2003, Matthiessen et al. 2010). Despite the known 

relevance of dispersal, specific local species interactions remain important to 

better understand community assembly and its consequences for ecosystem 

functioning. 

The significance of local scale interactions is reflected in the importance of initial 

local community composition for the structural and functional fate of a 

community. Related to this are priority effects, describing that the first colonizers 

to a site have a competitive advantage over later arrivers by monopolizing shared 

resources (Urban and de Meester 2009, Fukami et al. 2010, de Meester et al. 2016 

and references therein). For example, differences in competitive outcome due to 

varying initial species identities can lead to differential community resource use 

efficiency, and hence ecosystem functioning in wood decaying fungi (Fukami et 

al. 2010) and phytoplankton (Eggers et al. 2014). Likewise, varying initial 

diversity was shown to affect resource use of different carbon sources in bacteria 

(Zha et al. 2016). This concept can be extended to initially dominant species that 

have an advantage over initially rare species (Eggers and Matthiessen 2013). 

Despite our extensive body of knowledge on both local species interactions and 

regional factors (i.e. dispersal) separately, their relative importance for the 

regulation of metacommunity diversity and functioning over the course of 

community succession is still understudied (but see Limberger and Wickham 

2012, Pu and Jiang 2015). For example, it remains open whether the relative 

importance of initial community composition and dispersal are equally important 

for attenuating or promoting local and regional dominance at early compared to 
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late successional time. Therefore, incorporating multiple temporal sampling 

points, while including dispersal in community ecology experiments, is vital to 

properly examine the underlying processes that regulate natural communities. 

Benthic microalgae are often the most important primary producers in coastal and 

intertidal areas, where they can provide up to 50% of total primary production and 

fuel the benthic food web (Underwood and Kromkamp 1999). These 

photosynthetic unicellular eukaryotic algae are often dominated by epipelic 

diatoms (Admiraal et al. 1984, MacIntyre et al. 1996, Underwood and Smith 

1998), which are characterized by relatively short generation times with up to one 

cell division per day under favorable conditions (Underwood and Paterson 1993) 

and by different degrees of attachment to the substrate (Svensson et al. 2014). In 

nature, benthic microalgae occur in association with heterotrophic bacteria 

(Decho 2000), which utilize the algae’s vast carbon exudates as energy sources 

(Bratbak and Thingstad 1985, Thingstad and Pengerud 1985, Danger et al. 2007). 

This association forms extensive biofilms covering the sediment surface of coastal 

ecosystems worldwide (Decho 2000). Interactions between microalgae and 

bacteria are diverse and some processes benefit microalgae while others benefit 

bacteria (Cole 1982, Amin et al. 2012). In general, microalgae and bacteria 

compete for inorganic nutrients, specifically phosphate, an inorganic phosphorus 

source (Thingstad and Pengerud 1985, Jansson 1988, Danger et al. 2007). Under 

replete nutrient conditions, like it is the case in many natural biofilms, microalgae 

and their associated bacteria coexist (Thingstad and Pengerud 1985, Grover 

2000). However, once phosphate becomes limiting, bacteria often outperform the 

algae as the bacterial efficiency to take up this nutrient source is higher (Jansson 

1988, Thingstad et al. 1993, Løvdal et al. 2007). 

In this study, we tested the relative importance of local versus regional processes 

driving community structure and functioning over time. To do so, we manipulated 

the initial algae species composition and dispersal in microcosms containing a 

microbial metacommunity consisting of both auto- and heterotrophs. We 

hypothesized that initial species composition determines community properties 

and function through priority effects in the initial stages, but that dispersal 

increases in importance over time and determines metacommunity structure and 

functioning of late successional stages. 
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Material and Methods 

Sediment Sampling, Extraction of Microalgae, Establishment of Algae Cultures 

We collected biofilm samples from three distinct locations (hereafter referred to 

as local community A, B, or C) on a mudflat off the Dutch island of 

Schiermonnikoog (North 53.489°, East 6.215°) in the Wadden Sea in September 

2014. The three sampling locations differed in sediment grain size and exposure. 

We collected the biofilm by scraping off the top 1 cm of the sediment surface 

from an area of approximately 3 m2. We transported the sediment in sealed bags 

in cool boxes to the laboratory (<24h), where we extracted the motile benthic 

diatoms (hereafter referred to as “microalgae”) and their associated bacteria from 

the collected sediment. For the extraction, we placed two layers of lens cleaning 

tissue on the spread-out sediment and exposed the sediment to natural light to 

stimulate the migration of benthic microalgae towards the surface. Once the top 

tissue paper was sufficiently saturated with microalgae, we removed and rinsed it 

with sterile filtered (0.2 µm) North Sea water (NSW). After filtering the extracted 

communities through a 200 µm sieve to remove larger grazers from the 

experiment, we collected the suspended microalgae in separate culture flasks for 

each location. We stored the samples at 19°C in a climate cabinet in the dark until 

further processing (<5h). 

Experimental Design 

We used 120 cell culture flasks (TPP, 60 mL, filter screw caps) as experimental 

units. The flasks had a bottom area of 9 cm2, which is the surface the benthic 

microbial communities attach to and live on. We filled each flask with 40 mL 

medium (sterile filtered (0.2 µm) NSW, enriched with nutrients in a 14:14:1 ratio, 

yielding final concentrations of 40µM nitrate and silicate and 2.7 µM phosphate). 

We manipulated different initial community compositions by inoculating each 

flask with one of the local communities from the different sampling locations, 40 

flasks for each community A, B or C. The initial total microalgae biovolume was 

equal to approximately 10,000,000 µm3 cm-1 in each flask. To avoid nutrient 

depletion, we replaced the medium in all flasks every third day by removing the 

top 20 mL of each flask and carefully adding fresh sterile medium without 

resuspending the microalgae. Nevertheless, phosphate was depleted quickly after 

addition and therefore remained low in all communities throughout the 

experiment (see Appendix A3.1 for average nutrient concentrations in the local 

communities over the course of the experiment). We distributed the culture flasks 
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randomly in a climate cabinet (CTS Environmental Test System Type TP 0/600 

L, lamps: OSRAM Biolux L 36 W/965, light level: 10.8 µmol m-2 s-1, temperature: 

19°C). 

In the experiment, three culture flasks, each containing one of the local 

communities A, B, or C, formed one metacommunity. We simulated dispersal in 

half of the metacommunities every other day. Before simulating dispersal, we 

turned all culture flasks carefully three times. With this method, more loosely 

attached species are prone to be re-suspended in the solution and subsequently 

more likely to be dispersed. Thus, this approach allowed to indirectly include 

species-specific dispersal abilities. To connect the three local communities 

forming one metacommunity in the dispersal flasks (DISP), we pipetted 3 mL 

solution out of each local flask (e.g. 2A, 2B, 2C) into a sterile beaker were we 

thoroughly mixed the solutions before pipetting back 3 mL of the new 

metacommunity-specific dispersal mixture into each local flask (of the same local 

communities e.g. 2A, 2B, and 2C). The no-dispersal metacommunity (NO.DISP) 

flasks were also turned three times but then placed back into the climate cabinet 

(e.g. culture flasks 1A, 1B, 1C formed metacommunity 1 even though they were 

not physically connected with each other). This ensured that the boundary layer 

in all flasks was diffused in the same way.  For a schematic overview of the 

dispersal treatments see Appendix A3.2. 

The experiment ran for 21 consecutive days and we collected samples 

destructively from independent flasks at four time-points (day 5, 8, 12, 21). For 

the sampling, we thoroughly scraped the bottom of the culture flasks with a sterile 

cell scraper and subsequently homogenized the biofilm in the medium by shaking 

the flasks. 

The combination of the four sampling days, three local communities (A, B, C), 

two dispersal treatments (DISP, NO.DISP), and a replication of five flasks per 

each separate treatment, led to a total n = 120 local communities forming 40 

separate metacommunities. 

Microalgae Identification and Quantification 

Immediately after sampling, we fixed the microalgae samples with Lugol’s iodine 

solution and stored them in brown glass bottles in the dark in a cold room (4°C) 

until further processing. To determine microalgae cell numbers and biovolume, 

we counted the samples using an inverted microscope after Utermöhl (1958). We 

identified separate microalgae groups microscopically (400x magnification) to the 
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highest resolution possible (hereafter referred to as species; for species list see 

Appendix A3.3) and calculated species-specific cell biovolume based on 

procedures described in Hillebrand et al. (1999), where cell shapes are 

approximated to simple geometric bodies. By multiplying the species-specific 

biovolume with counted cell numbers for each species and adding up all species’ 

biovolumes, we calculated the total community biovolume. We use this metric as 

a proxy for microalgae biomass, and therefore refer to biovolume as “biomass”. 

We calculated regional biomass by adding the values of the respective three local 

communities per metacommunity. We calculated Pielou’s evenness for the 

microalgae communities on the local and regional scale using biomass data. 

To calculate β-diversity of the microalgae communities, we generated a Bray-

Curtis dissimilarity matrix that was based on biomass data. We used the 

dissimilarity matrix to calculate and average the distance between individual local 

communities within a metacommunity. For each time-point, β-diversity was the 

mean of the five replicates per dispersal treatment. 

Bacteria Quantification 

We estimated the number of bacterial 16S rRNA gene copies per mL of sample 

in three replicates per treatment by using total DNA extraction with a MoBio 

PowerSoil DNA extraction kit (MoBio Laboratories, Carlsbad, CA, USA) and 

subsequent quantification using the PicoGreen double-stranded DNA assay 

(Invitrogen, Carlsbad, CA, USA) as well as Quantitative PCR (see Dini-Andreote 

et al. 2014). Since associated bacterial abundance in this benthic system is 

strongly dependent on microalgae abundance, we analyzed the ratio of bacterial 

abundance per unit algal biomass. For this, we divided the bacterial abundance 

(gene copies mL-1) by microalgae biomass (µm3 mL-1) in each sample. Hereafter 

we refer to this as “ratio of bacteria to microalgae”). For the regional scale, we 

calculated a mean local ratio of bacteria to microalgae. 

Statistical Analyses 

On the local scale, we used general linear models (GLMs) to test the effect of time 

(sampling day, four levels: 5, 8, 12, 21), local initial community composition 

(local, three levels: A, B, C) and dispersal treatment (dispersal, two levels: DISP, 

NO DISP) in a full-factorial design on the response variables local biomass, local 

evenness, and local ratio of bacteria to microalgae (see Table A3.4.1). Due to 

interaction effects between sampling day and the other factors (dispersal and 

initial community composition), we also constructed GLMs for each sampling 
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day separately with local initial community composition (local, three levels: A, 

B, C) and dispersal treatment (dispersal, two levels: DISP, NO DISP) as well as 

their interaction (see Table A3.5.1). From these separate analyses, it was possible 

to calculate the change in effect sizes over the course of the experiment. We 

calculated effect sizes for all factors and combinations as ω2 (Graham 2001, 

Olejnik and Algina 2003; Equation 1).  

 

ω2 =  
(𝑆𝑆𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)−(𝑑𝑓𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 ∙ 𝑀𝑆𝑒𝑟𝑟𝑜𝑟)

(𝑆𝑆𝑡𝑜𝑡𝑎𝑙+ 𝑀𝑆𝑒𝑟𝑟𝑜𝑟)
   Equation 1 

Since the local communities in the dispersal treatment were connected within each 

metacommunity and therefore strictly not independent samples, we tested the 

calculated F-values from the GLMs for significance using critical F-values 

corresponding to α = 0.05 at a third of the original residual degrees of freedom 

(32 instead of 96; Hillebrand and Lehmpfuhl 2011, Eggers et al. 2012). All 

calculated Fx,96 were larger than the critical Fx,32 for α = 0.05, therefore providing 

reliable and significant information on local community composition effects. 

On the regional scale, we tested the effect of time (sampling day, four levels: 5, 

8, 12, 21), dispersal treatment (dispersal, two levels: DISP, NO DISP), and the 

interaction of the two factors on regional biomass, regional evenness, mean local 

ratio of bacteria to microalgae, and microalgae β-diversity with GLMs (see Table 

A3.4.1). As described above, we also calculated effect sizes of the factor dispersal 

for the separate sampling days (see Table A3.6.1). 

We performed all statistical analyses in R v 3.3.2 (R Core Team 2017). 
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Results 

Species composition of the three local communities initially varied greatly (all 

pairs differed in community composition by 80%), which was reflected in 

differences in the initial evenness (Table A3.7.1; Fig. A3.7.1) and species-specific 

dominance in the local communities A, B and C (Fig. 3.1a). Community B had 

the lowest initial evenness and community C the highest. Entomoneis paludosa 

(ENT) initially dominated community A, Gyrosigma acuminatum (GYA) 

dominated community B, and Pleurosigma aestuarii (PLE) dominated community 

C (Fig. 3.1a). ENT was very rare in communities B and C initially (Fig. 3.1a). 

Over time, the different communities homogenized so that by the end of the 

experiment (i.e. day 21 – approximately 20 microalgae generations), ENT was the 

most dominant species in all communities open to dispersal (Fig. 3.1e). ENT also 

increased in the closed communities compared to the initial species composition, 

but in communities B and C less than in their counterpart communities connected 

by dispersal (Fig. 3.1e). This suggests that community A acted as a source for 

dispersal of ENT into all other local communities open to dispersal. 

These metacommunity dynamics were reflected in the response of microalgae 

evenness, biomass, and the ratio of bacteria to microalgae to the manipulated 

factors over the course of the experiment (Fig. 3.2, Fig. 3.3, Fig. A3.5.1). On the 

local scale, initial community composition largely explained all measured 

variables until the middle of the experiment (i.e. day 12), which equals 

approximately 10 microalgae generations (Fig. 3.2a-c; Table A3.5.1). At the end 

of the experiment (i.e. day 21), however, the importance of initial composition 

had declined and the significance of dispersal on all local response variables had 

increased (Fig. 3.2a-c; Table A3.5.1). At this time, local microalgae evenness and 

the ratio of bacteria to microalgae were significantly lower (F1,24=36.09, p<0.01 

and F1,12=19.94, p<0.01, respectively), and local microalgae biomass was 

significantly higher (F1,24=27.28, p<0.01) with than without dispersal (Fig. 

A3.5.1; Table A3.5.1). 
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Fig. 3.1 a-e) Relative species composition in the different treatments at the different 

sampling days. The different colors within the bars denote average relative biomass 

contribution to total community biomass of single species. For full species names see 

Table A3.3.1.  
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Accordingly, on the regional scale, dispersal became significantly more 

influential for all measured variables towards the end of the experiment (Fig. 3.2d-

g; Table A3.6.1). At day 21, dispersal significantly decreased regional evenness 

(F1,8=46.32, p<0.01), so that the dispersal treatment had on average a 1.8 times 

lower evenness than the no-dispersal treatment (Fig. 3.3a; Table A3.6.1). At the 

same time, dispersal more than doubled the regional biomass of microalgae 

compared to the no-dispersal treatments (F1,8=59.74, p<0.01; Fig. 3.3b; Table 

A3.6.1). The positive effect of dispersal on algal biomass greatly influenced the 

mean local ratio of bacteria to microalgae: At day 21, dispersal significantly 

decreased the abundance of bacteria present in relation to microalgae (F1,16=10.14, 

p=0.01). The final ratio of bacteria to microalgae was on average more than five 

times lower in the dispersal treatment compared to the no-dispersal treatment (Fig. 

3.3c; Table A3.6.1). 

Dispersal caused a consistent decrease in β-diversity over the course of the 

experiment (Fig. 3.3c), indicating that metacommunities connected by dispersal 

were more homogeneous than the control metacommunities with no dispersal. 

This difference was strongest at the end of the experiment (i.e. day 21), when the 

β-diversity was on average more than 1.6 times lower in the dispersal treatment 

compared to the no-dispersal treatment (F1,8=33.27, p<0.01; Fig. 3.3c; Table 

A3.6.1). 
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Fig. 3.2 Effect sizes of the factors dispersal (black), local community composition (light 

gray), and the combination of local community composition and dispersal (dark gray) 

over time. Displayed are results for local microalgae Pielou’s evenness (a), local 

microalgae biomass (b), local ratio of bacteria to microalgae (c; local bacteria 

microalgae ratio), regional microalgae Pielou’s evenness (d), regional microalgae 

biomass (e), mean local ratio of bacteria to microalgae (f; mean local bacteria 

microalgae ratio) and β-diversity of the microalgae communities (g). Effect size was 

calculated as ω2 at the different sampling days. Bars represent the total effect size of the 

three factors combined, whereas the different shades display the total effect size of each 

separate factor.  
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Fig. 3.3 Regional microalgae Pielou’s evenness (a), regional microalgae biomass (b), 

mean local ratio of bacteria to microalgae (c; bacteria microalgae ratio) and ß-diversity 

(d) in the different treatments on the different sampling days. Displayed are means ± 

standard errors. Solid circles with solid lines represent no-dispersal treatments, 

whereas empty circles with dashed lines show dispersal treatments 
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Discussion 

Our results show that the mechanisms governing metacommunity structure (i.e. 

species composition) and functioning (i.e. biomass production) change with 

successional time, propagating from the local to the regional scale and from 

autotrophs to competing heterotrophs. The initial imprint of community 

composition regulated metacommunity dynamics until about 10 microalgae 

generations had passed. Hereafter, dispersal became the dominant driver, 

spreading and establishing the regionally superior microalgae competitor in all 

local communities open to dispersal. This was reflected in decreased microalgae 

β-diversity and evenness. At the same time, local and metacommunity microalgae 

biomass increased, which in turn controlled the relative abundance of the 

competing microalgae-associated bacteria. Thus, dispersal facilitated the 

dominance of one microalgae competitor and thereby prevented heterotrophic 

bacteria from outcompeting the autotrophic component of the communities. 

Dispersal and Local Interactions 

Fundamentally, two aspects of dispersal become apparent from our experimental 

results. First, dispersal can have varying effects in a community depending on 

whether the focus is on the interaction between autotrophs and heterotrophs, or 

solely on autotrophs. Second, it takes time until dispersal can emerge as a 

significant factor influencing local and metacommunity dynamics. This again 

highlights the importance of priority effects in metacommunities. Similar to other 

studies, we have detected an effect of initial community composition. However, 

in combination with dispersal, it diminishes over time. Regarding the interaction 

between microalgae and the heterotrophic component, the results corroborate that 

dispersal limitation leads to increased dominance and eventually to competitive 

exclusion in communities. This is reflected in the increased relative abundance of 

bacteria and decreased microalgae biomass in the metacommunities without 

dispersal. The results suggest that bacteria had a competitive advantage over 

microalgae in this P-limited system and that dispersal significantly mitigated the 

bacterial competitive superiority in these communities. Generally, bacteria are 

better competitors for limited inorganic nutrients, especially phosphorus, 

compared to the majority of microalgae (Jansson 1988, Thingstad et al. 1993, 

Løvdal et al. 2007). Throughout our experiment, inorganic phosphorous (i.e. 

phosphate) concentrations were low, although nutrients were constantly 

replenished. The results further suggest that ENT was the best competitor for 

inorganic phosphorus among the microalgae and could successfully compete with 
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bacteria for this limited resource once it was established in a local patch. 

Moreover, the strong increase in ENT abundance in all communities open to 

dispersal but not in all no-dispersal communities suggests that there was one 

particularly successful strain of ENT that dispersed across the metacommunities. 

More precisely, we assume that community A acted as a source community for 

one competitively superior strain of ENT, because ENT was dominant in this 

community from the beginning, and remained dominant in both the dispersal and 

the no-dispersal treatments of community A. 

In contrast to this, a close examination of only the microalgae revealed different 

results: among the microalgae, dispersal-limitation did not lead to increased local 

dominance of particular species. Instead, evenness remained constant without 

dispersal and significantly declined with dispersal due to the increasing 

dominance of ENT.  

These differential findings, depending on comparisons within or between groups, 

point to the importance of considering multiple organismal groups that potentially 

compete for the same resource, in order to properly unravel the regulatory role of 

dispersal in metacommunities. 

Dispersal has been shown to be an important factor structuring metacommunities 

in numerous experiments and meta-analyses (Kneitel and Miller 2003, Cadotte 

2006, Doi et al. 2010, Howeth and Leibold 2010, Lindström and Östman 2011, 

Grainger and Gilbert 2016, Lancaster and Downes 2017). Likewise, its role in 

fostering a regionally superior competitor has been demonstrated in 

environmentally homogeneous and heterogeneous metacommunities (Mouquet 

and Loreau 2003, Matthiessen et al. 2010). However, not many studies have 

quantified the relative importance of different factors over the course of 

experimental time. In contrast to our results, a microcosm experiment with ciliated 

protists showed that the role of dispersal decreased with successional time, but 

that colonization sequence (i.e. the order in which species were added to the 

microcosm) determined the compositional fate of a community (Pu and Jiang 

2015). In another experiment with invertebrates, the findings indicated that initial 

species composition determined metacommunity fate regardless of connectivity 

of the local communities (Márquez et al. 2016). Moreover, Limberger and 

Wickham (2012) found that the effect of initial species composition on final 

community diversity strongly depended on the level of connectivity between local 

patches in benthic ciliates. In our experiment, dispersal became an important 

factor regulating metacommunities, but only after about 10 microalgae 



CHAPTER 3 

69 

generations. Thus, there was a lag between the spread of a species from a source 

community and its qualitative and quantitative effect on local population sizes that 

propagated to the metacommunity scale in a time-dependent manner. 

Responsible Microalgae Traits 

The strong early to mid-term effect of initial local community composition on 

local microalgae evenness and biomass and the ratio of bacteria to microalgae was 

likely caused by local interactions driven by the identities of the initially present 

species. These species and their particular composition largely determined the 

local competitive and functional outcome until dispersal became a progressively 

more important mechanism modulating community dynamics. 

Even though all three initially dominant species (ENT, GYA, PLE) are classified 

as motile solitary species with no attachment type (Svensson et al. 2014), certain 

traits made ENT (initially dominant in community A) the regionally superior 

competitor in these experimental metacommunities. ENT cells are bilobate in 

girdle view and the species is highly motile (Round et al. 1990). We observed that 

the cells are not strongly attached to the substrate, which should favor successful 

dispersal. In addition to personal observations, ENT is often recorded in 

planktonic samples in different locations (e.g. Leland and Berkas 1998, Jasprica 

and Hafner 2005, Soylu and Gönülol 2010), strengthening the argument that ENT 

cells are not strongly attached to the substrate. GYA (initially dominant in 

community B) and PLE (initially dominant in community C) both have sigmoidal 

cell shapes in valve view (Round et al. 1990) and we have observed that they are 

more strongly attached to the substrate, which should make them poorer 

dispersers. Differences between ENT and GYA/PLE also emerge from their 

differential growth and survival rates. ENT can be assumed to be competitively 

superior because it monopolized resources most rapidly of all microalgae species 

in this P-limited experimental environment. This was reflected in the highest 

growth rates, supported by a strong increase in its relative abundance from 

inoculation to day 5 in all communities, but especially in community A. 

Moreover, in all but especially the communities open to dispersal, ENT 

abundance stayed high throughout the experiment potentially by repeatedly 

monopolizing the replenished nutrients. In comparison to ENT, PLE and GYA 

relative abundances were already lowered after five days in both the dispersal and 

no dispersal communities, and consequently nearly disappeared by the end of the 

experiment. This suggests that in addition to being the superior disperser, ENT is 

a strong competitor for inorganic phosphorus, as it apparently successfully 
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competed with bacteria and within the microalgae for this limited resource. An 

alternative explanation for the advantage of ENT over bacteria could be the 

production of secondary metabolites, which can have antibiotic properties and 

affect the growth of associated bacteria (Allen et al. 2016, Shannon and Abu-

Ghannam 2016). This has been shown for some diatom species, but for ENT there 

is no information available on this topic yet. 

Dominance and Ecosystem Functioning 

Previous studies have shown that the dominance of one species can either have a 

positive or a negative impact on ecosystem functioning. Studies in grassland 

systems had inconsistent results: in some experiments, increased evenness (i.e. 

decreased dominance) led to higher biomass production (Wilsey and Potvin 2000, 

Mattingly et al. 2007), whereas others found higher ecosystem functioning with 

decreased evenness (i.e. increased dominance; Mulder et al. 2004). Likewise, in 

a study with lake phytoplankton, there was a negative relationship between 

phytoplankton resource use efficiency (RUE) and phytoplankton evenness, but a 

positive relationship between zooplankton RUE and phytoplankton evenness 

(Filstrup et al. 2014). The direction of the effect of dominance mainly depends on 

the relative importance of selection and/or complementary effects. In 

homogeneous environments, direction and strength of selection are constant for 

all local communities which naturally prevents complementarity in resource use 

across the metacommunity. The general P-limitation in the communities led to the 

selection of a species that is a strong competitor for phosphorus uptake and 

additionally an efficient disperser. In our experiment, we have applied an 

intermediate to high dispersal frequency compared to other experiments in the 

literature (Matthiessen et al. 2010, Eggers et al. 2012, de Boer et al. 2014), where 

a homogenizing effect between connected local patches in metacommunities has 

been reported. In heterogeneous landscapes, such homogenization of local 

communities (and thus lower diversity) is associated with lower productivity and 

functioning of ecosystems due to declined complementarity in resource use 

(Tilman et al. 1997, Mouquet and Loreau 2003). In our experiment, however, the 

homogenization of communities had a positive effect on ecosystem functioning 

(i.e. biomass) both on the local and regional levels because a superior species 

successfully dispersed. This is an interesting finding that illustrates the variability 

of ecosystem responses depending on both the species that are present and the 

characteristics (i.e. homogeneity or heterogeneity) of the local habitat patches in 

the metacommunity. 
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Limitations and Outlook 

A limitation of our study is that we did not explicitly measure the important traits 

of the dominant species in the communities (i.e. dispersal and competitive 

abilities). Therefore, we can only assume that its dispersal ability and the rapid 

uptake of inorganic phosphorous made ENT more successful in establishing in 

communities and competing with the bacteria in our system. Recent studies have 

shown that the within-species trait-variation of microalgae can be comparable to 

between-species trait variation (Boyd et al. 2013, Hattich et al. 2017). This 

indicates that functional trait values of different strains of a given species can be 

highly variable, resulting in fundamentally different consequences for community 

functioning. Thus, future experiments should study specific traits in more detail 

to really find the mechanisms governing the successful spread and establishment 

of traits in metacommunities. In addition, the homogeneous environment of our 

metacommunities limits our knowledge about how the system would react when 

habitat patches are heterogeneous (e.g. in terms of the resources available). In 

future studies, patch heterogeneity should be introduced (e.g. nutrients, grazers, 

habitat conditions), in order to effectively investigate the differential effects of 

dispersal on communities in homogeneous or heterogeneous habitat types. 

Conclusion 

In summary, our study highlights the importance of time for understanding the 

role of initial community composition and dispersal on metacommunity structure 

and functioning. Also, we emphasize the importance of investigating all 

competitors for a certain resource of a community in a given system (i.e. 

microalgae and heterotrophic bacteria that compete for phosphate) to understand 

the role of dispersal and dominance in metacommunities. Finally, we state that 

greater community diversity (i.e. evenness) might not lead to higher ecosystem 

functioning in all systems; in some cases, one superior autotrophic dominant 

species can sustain biomass production by mitigating heterotrophic superiority. 
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Appendix A3.1 Nutrient concentrations in local communities 

 

Fig. A3.1.1 Local nutrient concentrations in the different treatments over time. a) 

Nitrate and nitrite (NO2
- + NO3

-), b) ammonium (NH4
+), c) phosphate (PO4

3-), d) silicate 

(SiO4
2-). Displayed are means ± standard error. Solid circles with solid lines represent 

no-dispersal treatments, whereas empty circles with dashed lines show dispersal 

treatments. Different colors represent different local communities.  
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Appendix A3.2 Schematic of experimental set-up with dispersal treatment 

 

 

Fig. A3.2.1 Schematic representation of dispersal treatment which was realized in half 

of the culture bottles every other day for the duration of the experiment. The no-dispersal 

metacommunity bottles were turned three times and then returned to the climate cabinet. 
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Appendix A3.3 List of microalgae species 

Table A3.3.1 Species names, abbreviations (abbrev.), average biovolume per cell 

(volume), and shape*2 of microalgae species present in the experimental communities. 

All represented species had the life form*1 “motile solitary”, motility*1 “motile”, and 

attachment type*1 “none” (*1after Svensson et al. 2014, *2after Hillebrand et al. 1999) 

Species Abbrev. Volume Shape 

Cylindrotheca closterium CYL 38.95 prolate spheroid + 2 cylinders 

Entomoneis paludosa ENT 4322.52 elliptic prism 

Gyrosigma fasciola GYF 212.38 prism on parallelogram 

Nitzschia sigma NITZ I 192.93 prism on parallelogram 

Pleurosigma aestuarii PLE 4813.84 prism on parallelogram 

Gyrosigma acuminatum GYA 1440.38 prism on parallelogram 

Navicula XS NAV I 8.06 elliptic prism 

Navicula S NAV II 50.11 elliptic prism 

Navicula M NAV III 148.16 elliptic prism 

Navicula L NAV IV 735.10 elliptic prism 

Hantzschia S HAN I 244.11 box 

Hantzschia M HAN II 619.39 box 

Stauroneis S STA I 472.36 elliptic prism 

Stauroneis M STA II 1917.41 elliptic prism 

Stauroneis L STA III 10821.60 elliptic prism 

Amphora sp. AMP 797.93 cymbelloid 

Navicula A NAA 1361.55 elliptic prism 

Navicula forcipata NAF 1586.33 elliptic prism 

Petroneis humerosa PET 2844.88 box 

Nitzschia II NITZ II 38.11 elliptic prism 

Nitzschia III NITZ III 203.22 elliptic prism 

Nitzschia IV NITZ IV 359.75 elliptic prism 

Amphora coffaeiformes AMF 122.37 cymbelloid 

Pinnularia sp. PIN 2370.28 box 
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Appendix A3.4 Overall ANOVA results 

Table A3.4.1 ANOVA results and effect sizes for the whole models including the factors 

sampling day, dispersal, local community, and all interactions. The response variables 

are local microalgae evenness and biomass, local ratio of bacteria to microalgae, 

regional microalgae evenness and biomass, mean local ratio of bacteria to microalgae 

and microalgae β-diversity. 

  df Sum Sq Mean Sq F p ω2 

Local evenness Dispersal (D)  1 0.14 0.05 9.19 0.000 0.04 

 Local (L) 2 0.08 0.08 16.14 0.000 0.02 

 Sampling day (S) 3 2.06 1.03 195.92 0.000 0.61 

 D x L 2 0.18 0.06 11.63 0.000 0.05 

 D x S 3 0.29 0.05 9.11 0.000 0.08 

 L x S 6 0.05 0.02 4.36 0.015 0.01 

 D x L x S 6 0.04 0.01 1.21 0.310 0.00 

 Residuals 96 0.50 0.01    

Local biomass Dispersal (D)  1 1.40E+06 1.40E+06 18.03 0.000 0.03 

 Local (L) 2 1.89E+07 9.45E+06 121.51 0.000 0.40 

 Sampling day (S) 3 7.87E+06 2.62E+06 33.75 0.000 0.16 

 D x L 2 8.07E+05 4.03E+05 5.19 0.007 0.01 

 D x S 3 2.88E+06 9.61E+05 12.36 0.000 0.06 

 L x S 6 6.78E+06 1.13E+06 14.52 0.000 0.13 

 D x L x S 6 1.16E+06 1.94E+05 2.49 0.028 0.01 

 Residuals 96 7.47E+06 7.78E+04    

Local bacteria ratio Dispersal (D)  1 0.83 0.83 6.55 0.014 0.06 

 Local (L) 2 5.44 2.72 21.58 0.000 0.04 

 Sampling day (S) 3 1.48 0.49 3.90 0.014 0.26 

 D x L 2 0.32 0.16 1.29 0.286 0.08 

 D x S 3 1.86 0.62 4.93 0.005 0.09 

 L x S 6 2.45 0.41 3.24 0.009 0.00 

 D x L x S 6 1.14 0.19 1.51 0.195 0.02 

 Residuals 48 6.05 0.13    

Regional evenness Dispersal 3 0.14 0.05 14.85 0.000 0.32 

 Local 1 0.04 0.04 12.19 0.001 0.09 

 Sampling day 3 0.12 0.04 12.71 0.000 0.27 

 Residuals 32 0.10 0.00    

Regional biomass Dispersal 3 0.82 0.27 35.60 0.000 0.56 

 Local 1 0.09 0.09 12.10 0.001 0.06 

 Sampling day 3 0.27 0.09 11.52 0.000 0.17 

 Residuals 32 0.25 0.01    

Regional bacteria ratio Dispersal 3 1.10 0.37 2.29 0.087 0.05 

 Local 1 0.66 0.66 4.10 0.047 0.04 

 Sampling day 3 1.57 0.52 3.27 0.027 0.08 

 Residuals 64 10.26 0.16    
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Appendix A3.4 (cont’d) 

Table A3.4.1 (cont’d) 

  df Sum Sq Mean Sq F p ω2 

Beta diversity Dispersal 3 0.26 0.09 11.46 0.000 0.30 

 Local 1 0.22 0.22 29.41 0.000 0.27 

 Sampling day 3 0.06 0.02 2.77 0.057 0.05 

 Residuals 32 0.24 0.01    
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Appendix A3.5 Local responses 

 

Fig. A3.5.1 Local microalgae Pielou’s evenness (a) and biomass (b), and ratio of 

bacteria to microalgae (c; bacteria microalgae ratio) in the different treatments on the 

different sampling days. Displayed are means ± standard errors. Solid circles with solid 

lines represent no-dispersal treatments, whereas empty circles with dashed lines show 

dispersal treatments. Different colors represent different local communities.
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Appendix A3.5 (cont’d) 

Table A3.5.1 ANOVA results and effect sizes for local microalgae Pielou’s evenness 

and biomass and local ratio of bacteria to microalgae at the different sampling days. 

Factors are dispersal (D), initial local community composition (L), and the interaction. 

(* Denotes models with not-normally distributed data, even after data transformations. 

The p-values from these models were still used to calculate effect sizes, because the 

results for significance matched those calculated with non-parametric Kruskal-Wallis 

rank sum tests – see Table A3.5.2). 
   df Sum Sq Mean Sq F p ω2 

Local evenness Day 5 D 1 0.00 0.00 0.39 0.540 0.00 
  L 2 0.84 0.42 188.80 0.000 0.92 
  D x L 2 0.01 0.01 3.09 0.064 0.01 

  Residuals 24 0.05 0.00    

 Day 8 D 1 0.01 0.01 2.93 0.100 0.01 
  L 2 0.91 0.45 166.16 0.000 0.92 
  D x L 2 0.00 0.00 0.36 0.704 0.00 
  Residuals 24 0.07 0.00    
 Day 12* D 1 0.03 0.03 2.63 0.118 0.02 
  L 2 0.45 0.23 23.61 0.000 0.59 
  D x L 2 0.02 0.01 0.85 0.438 0.00 
  Residuals 24 0.23 0.01    
 Day 21 D 1 0.23 0.23 36.09 0.000 0.38 
  L 2 0.15 0.07 11.55 0.000 0.23 
  D x L 2 0.05 0.03 4.00 0.032 0.07 
  Residuals 24 0.16 0.01    

Local biomass Day 5 D 1 2.99E+10 2.99E+10 0.20 0.661 0.00 

  L 2 2.69E+13 1.35E+13 89.02 0.000 0.84 

  D x L 2 9.62E+11 4.81E+11 3.18 0.060 0.02 

  Residuals 24 3.63E+12 1.51E+11    

 Day 8 (sqrt) D 1 4.60E+02 4.60E+02 0.00 0.953 0.01 

  L 2 1.81E+07 9.04E+06 69.53 0.000 0.81 

  D x L 2 6.38E+05 3.19E+05 2.46 0.107 0.02 

  Residuals 24 3.12E+06 1.30E+05    

 Day 12 (log) D 1 0.21 0.21 3.67 0.067 0.02 

  L 2 4.52 2.26 39.17 0.000 0.71 

  D x L 2 0.02 0.01 0.16 0.856 0.02 

  Residuals 24 1.38 0.06    

 Day 21 D 1 3.53E+13 3.53E+13 27.28 0.000 0.41 

  L 2 8.20E+12 4.10E+12 3.17 0.060 0.07 

  D x L 2 7.74E+12 3.87E+12 2.99 0.069 0.06 

  Residuals 24 3.10E+13 1.29E+12    
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Appendix A3.5 (cont’d) 

Table A3.5.1 (cont’d) 

   df Sum Sq Mean Sq F p ω2 

Local bacteria ratio Day 5 D 1 1.45 1.45 2.14 0.169 0.04 

  L 2 1.03 0.52 0.77 0.487 0.02 

  D x L 2 6.77 3.39 5.02 0.026 0.30 

  Residuals 12 8.09 0.67    

 Day 8 D 1 0.00 0.00 0.01 0.938 0.04 

  L 2 1.30 0.65 6.74 0.011 0.41 

  D x L 2 0.14 0.07 0.70 0.515 0.02 

  Residuals 12 1.16 0.10    

 Day 12 D 1 0.01 0.01 0.05 0.836 0.03 

  L 2 3.16 1.58 6.87 0.010 0.37 

  D x L 2 1.12 0.56 2.43 0.130 0.09 

  Residuals 12 2.76 0.23    

 Day 21 D 1 6.61 6.61 19.94 0.001 0.37 

  L 2 3.82 1.91 5.76 0.018 0.19 

  D x L 2 2.10 1.05 3.17 0.078 0.09 

  Residuals 12 3.98 0.33    

 

Table A3.5.2 ANOVA p-values and Kruskal-Wallis rank sum test (K-W) p-values for the 

response variables with not-normally distributed data, even after data transformation. 

   df Test p 

Local evenness Day 12* D 1 ANOVA 0.118 

    K-W 0.130 

  L 2 ANOVA 0.000 

    K-W 0.002 
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Appendix A3.6 Regional ANOVA results 

Table A3.6.1 ANOVA results and effect sizes for the effect of dispersal (D) on regional 

microalgae Pielou’s evenness, biomass and β-diversity and mean local ratio of bacteria 

to microalgae at the different sampling days. (* Denotes models with not-normally 

distributed data, even after data transformations. The p-values from these models were 

still used to calculate effect sizes, because the results for significance matched those 

calculated with non-parametric Kruskal-Wallis rank sum tests – Table A3.6.2). 

   df Sum Sq Mean Sq F p ω2 

Regional evenness Day 5 D 1 0.01 0.01 4.37 0.070 0.25 

 Residuals 8 0.02 0.00    

Day 8 D 1 0.00 0.00 0.00 1.000 0.11 

 Residuals 8 0.01 0.00    

Day 12* D 1 0.01 0.01 2.03 0.192 0.09 

 Residuals 8 0.05 0.01    

Day 21 D 1 0.13 0.13 46.32 0.000 0.82 

 Residuals 8 0.02 0.00    

Regional biomass Day 5 D 1 8.90 8.95 0.12 0.739 0.10 

 Residuals 8 602.40 75.31    

Day 8* D 1 650.00 650.30 0.48 0.507 0.05 

 Residuals 8 10804.00 1350.50    

Day 12 D 1 369.90 369.90 5.65 0.045 0.32 

 Residuals 8 523.60 65.50    

Day 21 D 1 10574.00 10574.00 59.74 0.000 0.85 

 Residuals 8 1416.00 177.00    

Beta diversity Day 5 D 1 0.02 0.02 8.10 0.022 0.42 
 Residuals 8 0.02 0.00    

Day 8 D 1 0.05 0.05 7.62 0.025 0.40 
 Residuals 8 0.05 0.01    

Day 12 D 1 0.02 0.02 1.59 0.242 0.06 
 Residuals 8 0.11 0.01    

Day 21 (log) D 1 0.11 0.11 33.27 0.000 0.76 
 Residuals 8 0.03 0.00    

Regional 

bacteria ratio 
Day 5 (log) D 1 0.41 0.41 2.57 0.128 0.08 

 Residuals 16 2.53 0.16    

Day 8 (log) D 1 0.00 0.00 0.00 0.952 0.06 

 Residuals 16 2.60 0.16    

Day 12 (sqrt) D 1 0.01 0.01 0.06 0.810 0.06 

 Residuals 16 2.82 0.18    

Day 21* D 1 2.20 2.20 10.14 0.006 0.34 

 Residuals 16 3.47 0.22    
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Appendix A3.6 (cont’d) 

Table A3.6.2 ANOVA p-values and Kruskal-Wallis rank sum test (K-W) p-values for the 

response variables with not-normally distributed data, even after data transformation. 

   df test p 

Regional evenness Day 12* D 1 ANOVA 0.192 

    K-W 0.073 

Regional biomass Day 8* D 1 ANOVA 0.507 

    K-W 0.117 

Regional bacteria ratio Day 21* D 1 ANOVA 0.006 

    K-W 0.009 
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Appendix A3.7 Initial results 

 

Fig. A3.7.1 Microalgae Pielou’s evenness (a) and species richness (b) in the different 

initial local communities A, B, and C. 

 

Table A3.7.1 Microalgae Bray-Curtis dissimilarity between the different initial local 

communities based on relative biomass of species.  

 A B C 

A 0.00   

B 0.81 0.00  

C 0.79 0.81 0.00 
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A grain in the balance will determine 
which individual shall live and which shall die – 
which variety or species shall increase in number, 
and which shall decrease, or finally become extinct. 

- Charles Darwin (1859)  
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Chapter 4 

A heatwave increases turnover and regional dominance in 

microalgae metacommunities 

Friederike G. Engel, Birte Matthiessen, Britas Klemens Eriksson  

Abstract 

Recent research shows that the global biodiversity crisis has not led to species loss on 

the local scale. On the contrary, across biomes, local species richness remained 

relatively constant or even increased over the past decades. However, there is empirical 

evidence for major changes in biodiversity attributed to increased species turnover, 

which in the long run could lead to increased dominance of species favored by warming 

and consequently loss of species richness also on the local scale. Despite the known 

importance of species turnover for community functioning, experimental results on the 

connection between biodiversity loss and species turnover are scarce and we still do not 

fully understand which specific factors increase the rate of change in species 

composition. We experimentally tested whether a heatwave (i.e. warming) increased 

species turnover and decreased diversity in microalgae communities with different 

initial species compositions. Half of the communities were connected by dispersal, 

creating true metacommunities. We found that on the local scale, dispersal had overall 

positive effects on species richness while the relation between warming, species 

turnover, and diversity depended on initial community composition. However, on the 

regional (i.e. metacommunity) scale, warming and dispersal both increased turnover and 

decreased Shannon diversity by almost 50 %. Turnover in these metacommunities was 

not caused by a loss of species richness, but rather by a change in dominance patterns 

leading to homogenization, and consequently decreased diversity. Thus, we provide an 

example where warming destabilizes community composition and degrades species 

diversity, but still after ca. 15 generations does not decrease the number of species in the 

community; demonstrating that the response of species diversity and richness to 

changing conditions can be fundamentally decoupled on ecological time scales. Our 

study also highlights the importance of studying ecological dynamics on the 

metacommunity scale to disentangle mechanisms leading to changes in community 

structure and functioning in the real world. 
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Introduction 

Amplified by human impacts, especially the emission of greenhouse gases, the 

global climate is changing at an alarming rate. Global sea surface temperature is 

increasing and severe heatwaves, storms and droughts are becoming more 

frequent (IPCC 2014). Contrary to expectations of local species loss based on 

>180 small-scale warming experiments (Gruner et al. 2017), the observed changes 

in temperatures have not led to a general decline in local-scale species numbers 

on land or in the ocean (Dornelas et al. 2014, Elahi et al. 2015). In contrast, 

averaging 471 species richness time series from marine coastal ecosystems 

spanning from 1962 to 2015 showed a net increase in local species richness in the 

past decades (Elahi et al. 2015). However, it is becoming increasingly clear that 

species richness poorly captures temporal dynamics of biodiversity in a changing 

environment (Hillebrand et al. 2010, 2017). Immigration and extinction events 

often take place on different time scales, which can lead to the decoupling of rates 

of changes in species richness and species composition, and hence, community 

function. Thus, to understand the impact of a changing climate on local scale 

biodiversity, we need to study effects of local impacts on species turnover as 

determined by changes both in species abundances and identities (Hillebrand et 

al. 2017). 

Even though the scientific literature on biodiversity changes is still constantly 

growing (e.g. Kilpatrick et al. 2017, O’Connor et al. 2017, Pecl et al. 2017), 

experimental studies examining the connections between biodiversity loss and 

species turnover are still rare. At the same time, if species turnover is measured, 

it is often done so in local patches of habitats. This is limiting, however, because 

most natural communities are not isolated but connected by dispersal and form 

metacommunities (Wilson 1992, Leibold et al. 2004). This leads to a larger 

regional species pool that allows for immigration and emigration between the 

local patches, which both influences species turnover and enables coexistence of 

otherwise inferior species (Tilman 1994). Therefore, studying species turnover in 

experiments that include dispersal is an urgent priority in climate change research, 

as it acknowledges that community processes depend on multiple spatial scales. 

In undisturbed communities under dispersal limitation, local dominance patterns 

and turnover should depend on local species composition, interactions, and 

environmental conditions. In this scenario, changes in regional diversity and 

turnover will depend on the degree of synchrony between local patches; with no 

predictable expectation (Fig. 4.1a). In a metacommunity framework, diversity and 
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turnover depend on the strength of dispersal and the scale of the disturbance. 

Regional disturbance events such as warming (e.g. a heatwave) create novel 

habitat conditions that favor the species best adapted to the new environment 

across all local communities; which should increase both local and regional 

dominance of the best competitor (i.e. decrease diversity), homogenize the 

metacommunity, and increase regional species turnover compared to the 

undisturbed state (Fig. 4.1b). Such dynamics are described for microalgae in 

thermal flumes, where increases in temperature destabilize community 

composition and increase species turnover, although species richness does not 

change (Hillebrand et al. 2010). Dispersal promotes the immigration of species or 

populations with adapted traits (Loeuille and Leibold 2008, Urban et al. 2008) and 

should therefore speed-up the homogenizing effect of regional disturbances by 

spreading the regionally best adapted species to all local patches of the 

metacommunity (de Boer et al. 2014); which leads to higher regional species 

turnover until all local patches are saturated with the best competitor (Fig. 4.1c).  

In this study, we tested the effects of a regional heatwave disturbance on species 

turnover and diversity in a culture experiment with microalgae metacommunities. 

The metacommunities consisted of three local communities with different initial 

community compositions. In our full factorial design, half of the 

metacommunities were subject to dispersal and exposed to an experimental 

heatwave. We hypothesize that dispersal and warming increase metacommunity 

turnover and homogenize communities by promoting the dominance of a heat-

tolerant species (Fig. 4.1).  
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Material and Methods 

Set-up and Sampling 

We conducted a laboratory experiment with natural benthic diatom communities 

that we extracted from three separate locations (A, B, C) on the intertidal flat of 

the Wadden Sea close to Schiermonnikoog island, the Netherlands. The locations 

varied in exposure and grain size and thus the three local communities varied in 

their initial species composition (see Appendix A4.1). 

We used culture flasks (TPP, 60 mL, filter screw cap) filled with sterile filtered 

North Sea water medium (N:P:Si added for final concentrations of 40:40:2.7 µM) 

as experimental units. We replenished the medium every third day to prevent 

nutrient limitation. We constructed 80 metacommunities by connecting three local 

communities with differing initial microalgae species composition but similar 

initial biomass. We extracted the natural communities immediately before the 

start of the experiment. We exposed 40 of these metacommunities to an 

experimental heatwave (ranging up to 35°C and staying above 25°C for 7 days, 

Appendix A4.2), whereas we kept the other 40 metacommunities at a constant 

temperature of 19°C (average air temperature of time of collection in the area). 

We connected 20 of the metacommunities of each heat treatment by simulating 

dispersal between the respective local communities every other day. The 

experiment ran for 21 days and we sampled destructively three times: before the 

heatwave (day 5), immediately after the heatwave (day 12), and longer after the 

heatwave (day 21). Each treatment was replicated five times. Before taking any 

samples, we scraped the biofilm off the bottom of the culture flasks and 

subsequently shook the flask to homogenize the biofilm in the medium. 

We used an inverted microscope to obtain microalgae species composition and 

biovolume (hereafter referred to as biomass) using the Utermöhl counting 

technique (Utermöhl 1958) and subsequent approximation of cell shapes to simple 

geometric forms (Hillebrand et al. 1999). We calculated regional biomass by 

adding the three values of each local community  A, B, and C within a 

metacommunity. We calculated Shannon diversity and species turnover on the 

local and regional scale based on biomass data. For species turnover, we 

calculated Bray-Curtis dissimilarity for samples of the same treatment at different 

time points. For this, we randomly assigned “time-replicates” to connect samples 

from the same treatment at different sampling times with one another. We 

calculated turnover values after 12 (dissimilarity between samples of the same 
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treatment from day 5 and 12) and 21 days (dissimilarity between samples of the 

same treatment from day 5 and 21). 

Statistical Analysis 

All statistical tests were performed in R v. 3.3.2 (R Core Team 2017). We 

constructed full factorial ANOVA models for species turnover, species richness, 

and Shannon diversity on the local and on the metacommunity scale. On the local 

scale, we performed separate models for each local community (community A, B 

and C). On the metacommunity scale, we performed the analyses on summed data 

from communities A, B and C within each metacommunity. For species richness 

and Shannon diversity, we included the fixed factors sampling day, dispersal 

treatment, and warming treatment as independent factors. For species turnover, 

sampling day was included as a repeated measure in the ANOVA model, since 

turnover on day 12 and 21 were both related to the same starting community (day 

5) and therefore depended on each other. Data that did not meet the assumptions 

for ANOVA were square-root or log10 transformed. For significant results, we 

subsequently conducted post-hoc comparisons of all contrasts within each 

sampling day. Thus, in comparison with a standard post-hoc analysis (such as 

Tukey’s HSD test), we only compared a third of all possible pairs. To avoid 

excessive Type II error, we therefore calculated the least significant difference 

(student t-test) for all relevant comparisons and then performed a Bonferroni 

correction to account for multiple comparisons. In the text, we present the 

Bonferroni corrected p-values for all post-hoc tests. 

Results 

Local Results 

On the local scale, initial community composition determined the effect of 

warming on species turnover and diversity, while dispersal increased species 

richness in general (Fig. 4.2; see Appendix A4.3 for statistical results). In 

community A, warming decreased species turnover over time, but only in the no-

dispersal treatment (interaction day, warming, and dispersal: F1,16=6.4, p=0.023, 

Bonferroni day 21: p=0.036; Table A4.3.1; Fig. 4.2a). In contrast, in community 

B, both warming and dispersal increased species turnover (main effect warming: 

F1,16=19.8, p<0.001; interaction day and dispersal: F1,16=5.5, p=0.032, 

Bonferroni day 21: p=0.035; Table A4.3.1; Fig. 4.2a). In community C, turnover 

stayed relatively constant throughout time and was not significantly affected by 

warming (Table A4.3.1; Fig. 4.2a). Warming initially increased species richness 
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in community A, but only in the dispersal treatment and this effect disappeared 

after the heatwave (interaction day, warming and dispersal: F2,48=3.4, p=0.042, 

Bonferroni day 5: p=0.021; Table A4.3.2; Fig. 4.2b). Dispersal increased species 

richness strongly, by two to five species, in all local communities (main effect of 

dispersal: A: F1,48=178.7, p<0.001; B: F1,48= 97.4, p<0.001; C: F1,48= 23.9, 

p<0.001; Table A4.3.2; Fig. 4.2b). In contrast, warming decreased Shannon 

diversity strongly in communities A and C (main effect of warming: A: 

F1,48=57.4, p<0.01; C: F1,48=44.0, p<0.001; Table A4.3.3; Fig. 4.2c), while 

dispersal had minor effects (Fig. 4.2c). In community A, the negative effect of 

warming on Shannon diversity developed with time and was stronger without 

dispersal (interaction sampling day and warming: F2,48=10.1, p<0.001; 

interaction warming and dispersal: F1,48=4.2, p=0.045; Table A4.3.3; Fig. 4.2c). 

Regional Results 

On the metacommunity scale, warming and dispersal both increased species 

turnover and decreased Shannon diversity; but the effects of warming established 

immediately after the heatwave while the effect of dispersal developed later over 

time (Fig. 4.3). Warming significantly increased metacommunity turnover on day 

12 (directly after the heatwave), but this effect was not sustained after 21 days 

(interaction effect sampling day and warming: F1,16=6.3, p=0.023; Bonferroni 

Day 12, p=0.042; Day 21, p=1.00; Table A4.3.1; Fig. 4.3a). In contrast, dispersal 

increased metacommunity turnover only after 21 days (interaction effect sampling 

day and dispersal: F1,16=6.1, p=0.025; Bonferroni Day 12, p=0.144; Day 21, 

p<0.001; Table A4.3.1; Fig. 4.3a). Species richness of the metacommunities 

remained relatively constant throughout the experiment, but restricting dispersal 

caused a 10 % decrease in the number of species in the unheated communities 

after 21 days (interaction sampling day, warming and dispersal:  F2,48=6.2, 

p=0.004; Bonferroni Day 21, p<0.001; Table A4.3.2; Fig. 4.3b). The increase in 

metacommunity turnover by warming and dispersal was best described by an 

increasing dominance of single species (see Appendix A4.4), which caused 

Shannon diversity to drop by 43 % in the warming treatment already directly after 

the heatwave (interaction sampling day and warming:  F2,48=8.1, p<0.001; 

Bonferroni Day 12 p<0.001, Day 21 p<0.001; Table A4.3.3, Fig. 4.3c), and 35 % 

in the dispersal treatment after 21 days (interaction sampling day and dispersal:  

F2,48=13.8, p<0.001; Bonferroni Day 21 p<0.001; Table A4.3.3; Fig. 4.3c). 

Consequently, after 21 days, the unheated metacommunities with dispersal 
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limitation had lost on average two species, but unlike the other metacommunities, 

they showed no loss of Shannon diversity compared to initial conditions (Fig. 4.3). 

 

 

 

 

Fig. 4.2 Local turnover (a; difference in Bray-Curtis dissimilarity over time), species 

richness (b), and Shannon diversity (c) at the different sampling days in the different 

local communities. For turnover, the sampling days denote the time frame in which 

turnover was measured (i.e. sampling day 12 means the change in Bray-Curtis 

dissimilarity from day 5 to day 12; sampling day 21 is the change in Bray-Curtis 

dissimilarity from day 5 to day 21).  
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Fig. 4.3 Regional turnover (a; difference in Bray-Curtis dissimilarity over time), species 

richness (b), and Shannon diversity (c) at the different sampling days in the different 

treatments. For turnover, the sampling days denote the time frame in which turnover 

was measured (i.e. sampling day 12 means the change in Bray-Curtis dissimilarity from 

day 5 to day 12; sampling day 21 is the change in Bray-Curtis dissimilarity from day 5 

to day 21).  



WARMING INCREASES TURNOVER 

96 

Discussion 

In our metacommunity experiment, warming in the form of a heatwave and 

dispersal both increased regional species turnover and strongly decreased regional 

species diversity (Shannon diversity). This was caused by an increased dominance 

of one superior species that homogenized communities across space and time. At 

the same time, both warming and dispersal counteracted species loss otherwise 

observed in the regional species pool after ca. 15 generations. This supports 

studies of long-term data and modeling, that indicate much faster responses of 

species composition to changing conditions, such as global warming, compared 

to species richness. This leads to the decoupling of rates of changes in species 

richness and species composition (Hillebrand et al. 2010, 2017, Teittinen et al. 

2016). In fact, the results demonstrate that warming and connectivity can be 

detrimental to biodiversity when considering species composition, and hence 

community function, but still generate a positive impact on the number of species 

on ecological time scales. This suggests that to detect relevant changes to 

biodiversity in the face of climate change and to detect extinction risks over time, 

we need to apply community-based metrics that incorporate species identities and 

turnover. 

On the local scale, the effect of warming on species turnover and diversity 

depended on initial community composition. In all local communities, the same 

heat-tolerant species was promoted by warming (Entemoneis paludosa). In 

community A, Entemoneis paludosa already dominated the species composition 

at the start of the experiment, resulting in decreasing both species turnover and 

diversity even more with warming. In the communities with higher diversity at 

the start of the experiment, warming either increased species turnover (comm. B) 

or decreased diversity (comm. C). Thus, the effect of warming was scale-

dependent. Scale-dependent interactions are prevalent in ecology, and the 

influence of one driver can change in strength or direction with scale (Bergström 

et al. 2002, Kraan et al. 2015, Donadi et al. 2017). Consequently, our results 

highlight that we need to incorporate scale to understand climate change effects 

on biodiversity. Notably, since regional warming in our study led to regional 

biodiversity declines that were not necessarily reflected in local trends, we cannot 

rely on local and spatially limited data series to monitor current changes.  

The relationship between warming and dispersal was also scale-dependent; 

indicating that different ecological drivers dominate at different scales. In contrast 

to the additive effects of warming and dispersal on the regional scale, dispersal 
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did not add to the negative effects of warming on species diversity on the local 

scale. Instead, the main effect of dispersal was to prevent local species loss. Thus, 

dispersal strengthens warming effects at the regional scale, but weakens warming 

effects on the local scale. Such “cross-scale interactions”, where processes at one 

scale interact with processes at another scale, are poorly understood, but are 

increasingly described as generating non-linear interactions in different types of 

ecological systems (Peters et al. 2007, Willig et al. 2007, Slocum et al. 2010, 

Soranno et al. 2014, Donadi et al. 2017). This exemplifies the importance of 

looking at multiple spatial scales in biodiversity experiments to capture a more 

complete picture of what is happening in real world ecosystems. For example, in 

our study, dispersal rescued species and increased richness on the local scale by 

immigration, but at the same time decreased regional diversity by promoting the 

dominance of the best competitor.  

The decoupling of compositional stability and species richness in our warming 

experiment highlights the challenge of documenting long-term effects of global 

change on biodiversity and function. While strong negative effects of warming 

and connectivity on species turnover and compositional diversity were rapid and 

consistent throughout the experiment, the effect on the number of species was 

positive. Species extinction can occur with considerable delay following 

disturbances and such extinction debt is a general challenge for biodiversity 

conservation (Kuussaari et al. 2009). This most likely has a strong impact on our 

understanding of future changes in ecosystem functions. Biodiversity loss and 

strong dominance by certain species can lead to decreased ecosystem functioning 

(Hooper et al. 2005, Hillebrand et al. 2008, Cardinale et al. 2012, Lefcheck et al. 

2015), which in turn can negatively affect ecosystem service provisioning (Worm 

et al. 2006) and render communities more vulnerable to perturbations (Isbell et al. 

2015, Wagg et al. 2017). Consequently, if a global disturbance event homogenizes 

communities and decreases diversity, future perturbations may have 

disproportionately high impacts. The largest inherent problem of community 

homogenization is probably the decline of specialist species and thus trait 

diversity (Olden et al. 2004, Clavel et al. 2011), which leads to the loss of critical 

functions (Spaak et al. 2017). This shows, that even without the direct loss of 

species, increased species turnover can be an indicator for devastating effects in 

ecosystems, as it reflects changes in species composition (i.e. dominance patterns) 

and as such instability in communities with possibly limited trait and response 

diversity.  
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Appendix A4.1 Initial Species Composition 

 

Fig. A4.1.1 Initial species composition in the different local communities. 

  



CHAPTER 4 

99 

Appendix A4.2 Temperature Treatments 

 

 

Fig. A4.2.1 Diagram of the different temperature treatments of the experiment with a 

constant temperature of 19°C (light gray; CONTROL) and the heatwave scenario (dark 

gray; HW). 
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Appendix A4.3 Statistical Results 

Table A4.3.1 Repeated measures ANOVA effects of warming and dispersal on species 

turnover. 

  Species turnover 

  Community A Community B Community C Metacommunity 

 df F p F p F p F P 

Intercept 1 417.8 <0.001 1104.2 <0.001 254.8 <0.001 1503.0 <0.001 

Warming (W) 1 0.3 0.573 19.8 <0.001 1.1 0.306 12.6 0.003 

Dispersal (D) 1 2.2 0.156 1.1 0.300 1.8 0.195 2.0 0.177 

W x D 1 2.7 0.122 4.1 0.060 0.0 0.983 0.0 0.868 

Error 16         

Sampling Day (S) 1 2.1 0.165 1.1 0.306 2.9 0.106 5.8 0.028 

S x W 1 6.3 0.023 0.5 0.510 0.1 0.730 6.1 0.025 

S x D 1 0.0 0.846 5.5 0.032 0.0 0.879 6.3 0.023 

S x W x D 1 6.4 0.022 2.5 0.134 0.3 0.602 1.1 0.309 

Error 16         

 

Table A4.3.2 ANOVA effects of sampling day, warming and dispersal on species 

richness. 

  Species Richness 

  Community A Community B Community C Metacommunity 

 df F p F p F p F P 

Intercept 1 4630 <0.001 3982.0 <0.001 14830 <0.001 39270 <0.001 

Sampling Day (S) 2 8.0 0.001 7.0 0.002 10.4 <0.001 4.5 0.016 

Warming (W) 1 2.9 0.094 0.2 0.653 23.9 <0.001 6.6 0.013 

Dispersal (D) 1 178.7 <0.001 97.4 <0.001 23.9 <0.001 1.9 0.179 

S x W 2 3.7 0.033 0.9 0.416 2.1 0.131 5.6 0.006 

S x D 2 2.5 0.096 0.3 0.740 3.6 0.035 1.9 0.156 

W x D 1 0.8 0.370 0.2 0.653 0.2 0.659 1.1 0.294 

S x W x D 2 3.4 0.042 2.0 0.143 0.9 0.398 6.2 0.004 

Error 48         
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Appendix A4.3 (cont’d) 

Table A4.3.3 ANOVA effects of sampling day, warming and dispersal on species 

diversity (Shannon diversity). 

  Shannon diversity 

  Community A Community B Community C Metacommunity 

 df F p F p F p F P 

Intercept 1 6464.5 <0.001 1073.4 <0.001 3876.0 <0.001 6369.0 <0.001 

Sampling Day (S) 2 14.0 <0.001 26.0 <0.001 25.3 <0.001 69.1 <0.001 

Warming (W) 1 57.4 <0.001 0.9 0.354 44.0 <0.001 13.7 <0.001 

Dispersal (D) 1 1.8 0.188 0.2 0.688 2.5 0.122 94.4 <0.001 

S x W 2 10.1 <0.001 2.5 0.093 1.5 0.229 13.7 <0.001 

S x D 2 1.8 0.171 2.9 0.064 2.9 0.065 8.1 <0.001 

W x D 1 4.2 0.045 1.0 0.330 1.9 0.171 3.2 0.081 

S x W x D 2 0.9 0.400 0.6 0.540 0.2 0.791 2.6 0.084 

Error 48         
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Appendix A4.4 Local and Regional Species Composition 

 

 

Fig. A4.4.1 Local species composition and total local biomass in the different treatments 

on the sampling days. 
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Appendix A4.4 (cont’d) 

 

Fig. A4.4.2 Regional species composition and total regional biomass in the different 

treatments on the sampling days. 
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Our imagination is struck only by what is great; 
but the lover of natural philosophy 
should reflect equally on little things. 

- Alexander von Humboldt (1814)  
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Chapter 5 

Dispersal does not mitigate negative impacts of 

disturbance in a microalgae metacommunity 

Friederike G. Engel, Rosyta Andriana, Britas Klemens Eriksson, Birte 

Matthiessen 

Abstract 

Disturbance events such as extreme heat waves, storms, or floods have increased 

in magnitude and frequency in recent years due to anthropogenic climate change 

and the destruction of habitats and they constitute a major threat to many 

ecological communities. Resistance and resilience in the face of disturbances 

should be higher for local communities with access to a larger species pool, due 

to the availability of more different traits, which should ensure a higher response 

diversity to cope with and recover from the disturbance. One possibility of 

increasing access to more species for local communities is sufficient dispersal 

between different local habitat patches with dissimilar species compositions in 

metacommunities. In a laboratory experiment, we exposed benthic microalgae 

communities that initially differed in their species composition to a mechanical 

disturbance, simulated dispersal, and measured their chlorophyll a concentration 

over time. The local microalgae communities originated from an intertidal flat and 

had differing initial species composition due to different hydrodynamic exposure 

history and other habitat properties. Disturbance negatively affected microalgae 

biomass, irrespective of the level of disturbance. Local communities responded 

differently to the disturbance. Interestingly, dispersal did not mitigate the negative 

impacts of disturbance in any of these microalgae communities. Our results 

highlight the importance of initial community composition for ecosystem 

functioning in metacommunities and show that dispersal does not always alleviate 

the impacts of disturbance events. 
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Introduction 

Global climate change and the destruction of habitats by humans have altered 

many ecosystems which poses an urgent threat to many ecological communities 

and thus to global biodiversity (IPCC 2014). In addition to increased average 

global temperatures, the severity and frequency of extreme weather events such 

as storms and floods are expected to increase in the future (Harley et al. 2006, 

IPCC 2014). These extreme events will severely affect coastal areas of the North 

Sea (Beniston et al. 2007), where they disturb and redistribute surface sediments 

on intertidal flats (Bartholomä et al. 2009). Increased sediment dynamics caused 

by storms and floods will most likely affect intertidal production negatively, 

because sediment erosion is the main abiotic constraint for the autotrophic 

organisms living in and on the surface sediments (de Jonge and van Beusekom 

1995, Donadi et al. 2013b).  

The metacommunity concept states that communities in local patches of habitats 

are connected by dispersal and altogether form regional communities (Wilson 

1992, Leibold et al. 2004, Holyoak et al. 2005). Species from these local patches 

are free to move between the patches and therefore the regional metacommunity 

species pool is usually larger than that of local isolated patches that are not part 

of a metacommunity. Communities with access to a larger species pool should be 

better able to maintain ecosystem functioning when exposed to disturbances than 

communities with a smaller species pool. This is because a larger species pool 

likely increases response diversity (Elmqvist et al. 2003) and as such the 

probability of having resilient species present in the community. In addition, 

dispersal between local patches can also mitigate negative impacts of disturbance 

on ecosystem functioning via mass effects that constantly replenish biomass from 

the regional species pool (Altermatt et al. 2011). 

Coastal areas are among the most productive ecosystems on the planet and have 

great ecological and economic value (Heip et al. 1995, Harley et al. 2006). 

Intertidal mudflats harbor a multitude of different species from all domains of life. 

Microalgae are the main primary producers fueling these diverse benthic food 

webs (Markert et al. 2013, Rigolet et al. 2014). Benthic microalgae contribute up 

to 50% of total primary production in some intertidal areas where they can form 

extensive biofilms on surface sediments (Underwood and Kromkamp 1999, 

Decho 2000, Stal 2003, Kromkamp et al. 2006). Benthic microalgae biomass and 

diversity is regulated by many different factors, among them resource availability 

and grazing (Underwood and Kromkamp 1999, Weerman et al. 2011a, 2011b). In 
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addition, the presence of ecosystem engineers such as mussels or oysters greatly 

influences benthic microalgae (Donadi et al. 2013b, Engel et al. 2017). These 

ecosystem engineers create three-dimensional structures on the intertidal flats and 

thereby provide novel habitats for many organisms (van der Zee et al. 2012, 2016, 

Nieuwhof et al. 2015). By creating solid structures on intertidal flats, mussel and 

oyster reefs also create clear gradients in hydrodynamic conditions and sediment 

properties (e.g. sediment grain size and organic matter content). The three-

dimensional structure of these reefs creates protection from hydrodynamic stress 

(Widdows and Brinsley 2002), which leads to finer grain size and higher organic 

matter content in the sediment (Donadi et al. 2013a, van der Zee et al. 2012). As 

a consequence, benthic microalgae biomass and productivity is increased in the 

vicinity of intertidal mussel beds (Donadi et al. 2013b, Engel et al. 2017). 

We conducted a laboratory experiment with intertidal benthic microalgae 

communities from different locations on a transect with a hydrodynamic stress 

gradient and thus with differing initial community compositions. We exposed 

these communities to a mechanical disturbance (physical destruction of biofilm) 

and dispersal and measured their chlorophyll a concentration (i.e. biomass) over 

time. We hypothesized that (i) biomass in the local communities depends on initial 

community composition, disturbance, and dispersal and the interaction between 

initial community composition and disturbance; and that (ii) dispersal mitigates 

the negative impact of disturbance on microalgae biomass in metacommunities. 
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Fig. 5.1 Local conditions in the different plots. Chla=Chlorophyll a concentration of 

the sediment, OM=organic matter content in the sediment.  
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Material and Methods 

Sediment Sampling, Extraction of Microalgae, Establishment of Algae Cultures 

We collected benthic microalgae communities from three locations on the mudflat 

off the coast of Schiermonnikoog island, the Wadden Sea, in October of 2015, 

immediately before the start of the experiment. 

The three chosen locations were on a transect spanning from the coast seaward 

and crossing an intertidal mussel bed. The locations differed in hydrological 

conditions and consequently sediment characteristics and had differing 

community compositions (Fig. 5.1). Location A (North 53.471°, East 6.224°) was 

unprotected from hydrodynamic stress and in a sandy area with low organic 

matter content in the sediment. This location was closest to the coast. Location H 

(North 53.467°, East 6.224°) was on a mussel bed, where hydrodynamic stress 

was reduced and the sediment in the bare patches between mussels was muddy 

and fine grained. The organic matter content of the sediment was highest in this 

location. Location J (North 53. 466°, East 6.224°) was seaward of the mussel bed 

with intermediate protection but still muddy and fine-grained sediment with a 

relatively high organic matter content. Previous studies confirm that locations 

with high hydrodynamic forcing have larger sediment grain size and lower clay 

content and therefore are less muddy (de Jong and de Jonge 1995, Thornton et al. 

2002, Méléder et al 2007). 

At each location, we collected the surface sediment (top 0.5 cm) of an area of 0.5 

m2 to extract the benthic microalgae communities to use in the experiment. 

Additionally, at each location we took sediment cores (diameter: 26 mm) to 

measure chlorophyll a (three cores 0.2 cm depth pooled onto a piece of aluminum 

foil and stored in a sealed plastic bag on ice), organic matter content at two 

different depths (2 cm and 0.2 cm depth (i.e. shallow OM); placed into sealed 

plastic bags and stored on ice), and benthic microalgae species composition (core 

with 2 cm depth; placed in sealed plastic bag and stored on ice). We also measured 

the erosion in each location by placing dissolution plasters out for two tidal cycles 

and measuring the dry weight of the plasters before and after exposure to the tides. 

We transported all samples in cool boxes back to the laboratory (<24h).  

In the laboratory, we extracted the motile benthic microalgae from the large area 

and from the cores separately by spreading out the sediment and placing two 

layers of lens cleaning tissue onto the sediment. After 5 h of exposure to light, we 

collected the top tissue and rinsed the microalgae off into culture bottles with 
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sterile filtered North Sea water. We stored the samples from the large area in the 

dark at 19°C until the start of the experiment (<4h). We fixed the core samples in 

Lugol’s iodine and determined species composition with the Utermöhl counting 

technique (Utermöhl 1958) under an inverted microscope. We freeze-dried the 

sediment chlorophyll a samples, and subsequently measured chlorophyll a 

concentration using a fluorometer (Trilogy) after acetone extraction (90%, dark, -

20°C, 48 h) and methods described by Jeffrey and Humphrey 1975. The organic 

matter content was determined through Loss on Ignition by burning oven dried 

organic matter samples (48h, 60°C) in a muffle kin (4h, 550°C). 

Experimental Set-up and Chlorophyll a Sampling 

We set up the experiment in a climate room with controlled temperature (19°C) 

and light levels (10.8 µmol m-2 s-1 and 14:10 light-dark cycle). We used 60-mL-

culture flasks (TPP, filter screw cap) as microcosms for this experiment and 40 

mL sterile filtered North Sea water (N:P:Si added for final concentrations of 

40:40:2.7 µM) as the medium. To avoid nutrient limitation, we replenished 20 mL 

of the medium every third day over the course of the experiment.  

For our fully factorial experiment, we constructed 54 metacommunities out of 162 

local communities. We constructed the metacommunities by connecting three 

local communities with differing initial microalgae species composition so that 

each metacommunity contained one local community of A, H, and J. We adjusted 

the inoculum so that all local communities had similar initial biomass. We applied 

three different disturbance levels to the communities: no (N), medium (M), and 

high (H). We administered disturbance by scraping the bottom of the culture flask 

with a cell scraper every fourth day for medium and every other day for high 

disturbance levels. The no-disturbance treatment was not subject to scraping. 

Each local community within a metacommunity was subject to the same 

disturbance treatment. Half of the local communities were assigned to a dispersal 

treatment, with artificially simulated dispersal every other day. The other half was 

not subject to dispersal, but we treated the bottles similarly to the dispersal 

treatment without actually removing any culture. The experiment ran for 29 days 

and we sampled destructively three times (after two, three, and four weeks of 

growth). Each treatment combination (including the three sampling times) was 

replicated three times. 

Before each sampling, we scraped the biofilm off the bottom of the culture flasks 

and homogenized it in the medium by shaking the flask. We filtered the suspended 
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cultures over GF/F filters to determine chlorophyll a concentration of the samples. 

We measured chlorophyll a concentration with a fluorimeter (Trilogy) after 

extraction with 90% acetone. We calculated regional chlorophyll a concentration 

by summing the separate values from each local community within a 

metacommunity. 

Statistical Analysis 

Our fully crossed design included the fixed factors sampling day (“day”, three 

levels: 2, 3, 4), local initial community composition (“local”, three levels: A, H, 

J), disturbance treatment (“disturbance”, three levels: no (N), medium (M), high 

(H)), and dispersal treatment (“dispersal”, two levels: no-dispersal (NO.DISP) 

and dispersal (DISP)). After testing the effect of the factors 

day*local*disturbance*dispersal on local chlorophyll a concentration, we also 

constructed separate models for each local community A, H, and J 

(day*disturbance*dispersal). On the regional scale, we tested the effect of the 

factors day*disturbance*dispersal on regional chlorophyll a concentration. Since 

the assumptions for linear models were met, we ran ANOVAs. For significant 

main effects and interactions, we subsequently compared treatment levels of 

initial composition and disturbance with Tukey HSD post-hoc tests. We 

performed all statistical analyses in R v. 3.3.2 (R Core Team 2017). 

Results 

Local Results 

Local community composition (F2,105=103.03, p<0.01) and disturbance 

(F2,105=45.63, p<0.01) significantly affected chlorophyll a concentration, while 

sampling day and dispersal showed no main effects (Fig. 5.2; Table A5.1.1). 

Chlorophyll a concentration was highest in community A (106.08±6.55; 

mean±SE), intermediate in community J (67.65± 4.93), and lowest in community 

H (42.27±6.70; Tukey HSD: A-J, A-H, and H-J p<0.01; Fig. 5.2). Chlorophyll a 

concentration in the disturbed communities was lower than in the undisturbed 

communities (N: 104.56±8.04; M: 62.18±6.44; H: 51.07±4.26), with both 

disturbance treatments (i.e. M, H) being significantly different from the no-

disturbance treatment (Tukey HSD: N-M and N-H p<0.01; Fig. 5.2). Also, the 

chlorophyll a concentration depended on interactive effects between local 

community composition and disturbance (F4,105=8.54, p<0.01) as well as local 

community composition and dispersal (F2,105=5.3, p=0.01), however there was no 
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significant interactive effect between dispersal and disturbance (Table A5.1.1; 

Fig. 5.2).  

Community A 

In community A, disturbance (F2,35 = 8.99, p<0.01), dispersal (F1,35 = 8.692, 

p=0.01), and sampling time (F2,35 = 3.60, p=0.04) significantly affected 

chlorophyll a concentration (Fig. 5.2; Table A5.1.2). Like in the overall model, 

disturbance caused a decrease in chlorophyll a concentration compared to the 

undisturbed treatment (N: 132.49±12.13; M: 105.34±12.66; H: 81.88±4.73; 

Tukey HSD: N-M p<0.05, N-H p<0.01; Fig. 5.2). Also, the interaction between 

sampling day and dispersal significantly affected chlorophyll a concentration 

(F2,35 = 6.08, p=0.01; Fig. 5.2). Dispersal did not significantly affect chlorophyll 

a concentration in community A after two or three weeks, but it significantly 

decreased chlorophyll a concentration after four weeks (DISP: 64.33±6.02; 

NO.DISP: 120.54±19.33; Tukey HSD: p=0.01; Fig. 5.2). 

Community H 

In community H, only disturbance level had a significant effect on chlorophyll a 

concentration (F2,35 = 28.77, p<0.01; Fig. 5.2; Table A5.1.3). Disturbance again 

decreased chlorophyll a compared to the undisturbed treatment (N: 84.39±15.89; 

M: 28.79±5.22; H: 15.97±1.49; Tukey HSD: N-M and N-H p<0.01; Fig. 5.2).  

Community J 

In community J, disturbance (F2,35 = 10.02, p<0.01) and sampling day (F2,35 = 6.69, 

p<0.01) significantly affected chlorophyll a concentration (Fig. 5.2; Table 

A5.1.4). Disturbance decreased chlorophyll a compared to the no-disturbance 

treatment (N: 96.81±11.32; M: 52.41±4.41; H: 53.36±3.98; Tukey HSD: N-M and 

N-H p<0.01; Fig. 5.2). Chlorophyll a concentration in week 2 (83.55±7.56) was 

significantly higher than in week 3 (60.56±7.71) and 4 (58.44±9.29, Tukey HSD: 

Week2-Week3 p=0.03, Week2-Week4 p<0.01; Fig. 5.2). 

Regional Results 

Disturbance significantly decreased regional chlorophyll a concentration (F2,35 = 

21.08, p<0.01; N: 313.67±28.29; M: 186.52±13.60; H: 153.20±7.51; Tukey HSD: 

N-M and N-H p<0.01; Fig. 5.3). Dispersal and sampling day did not have a 

significant effect on regional chlorophyll a concentration (Fig. 5.3; Table A5.1.5). 
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Fig. 5.2 Chlorophyll a concentration in the different treatments on the different 

sampling days for each local community. Solid circles represent no-dispersal treatments 

and open circles represent dispersal treatments. No, medium, and high correspond to 

the levels of the disturbance treatment. Local A, Local H, and Local J represent local 

communities with different initial community composition. 
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Fig. 5.3 Regional chlorophyll a concentration in the different treatments on the different 

sampling days for each local community. Solid circles represent no-dispersal treatments 

and open circles represent dispersal treatments. No, medium, and high correspond to 

the levels of the disturbance treatment.  
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Discussion 

Disturbance affected all communities negatively by reducing the chlorophyll a 

concentration, which is a sign of decreased biomass production. Surprisingly, 

there was no significant difference between the effect of medium and high 

disturbance levels. This is interesting, because it shows that even with less 

frequent destruction events, the recovery potential of the biofilm was not higher 

than with more frequent scraping.  

On the local scale, there was a significant difference between the responses of the 

different communities. Communities A (close to the coast, previously high 

hydrodynamic stress, low organic matter content, large sediment grain size) and 

J (seaward of mussel bed, previously intermediate hydrodynamic stress and 

organic matter content, fine sediment grain size) had higher biomass than 

community H (on the mussel bed, previously low hydrodynamic stress, high 

organic matter content, fine sediment grain size), even with disturbance. The 

initial species composition varied greatly between the three locations, which was 

caused by the differences in local conditions on the intertidal flat including 

hydrodynamic stress, sediment organic matter content, and sediment grain size. 

The species present in community A and J were generally larger than those in 

community H, which mostly was inhabited by very small Navicula sp. Previous 

studies have shown that microalgae species composition and biomass production 

are dependent on many abiotic and biotic variables and that they are tightly linked 

to sediment grain size (Cahoon et al. 1999, Thornton et al. 2002, Du et al. 2009), 

however to the best of our knowledge, no studies have related grain size with 

microalgae cell size yet. In our transect, finer grained sediments were dominated 

by smaller epipelic diatoms. Since the finer grained sediments were in the location 

of the mussel bed, it is unclear if the sediment actually determined cell size, or if 

other factors played into the selection of species. The mussel bed habitat is in 

general much different from bare areas on intertidal flats and so, for example, 

selective grazing by organisms inhabiting the mussel bed could have greatly 

influenced benthic microalgae species composition and thus lead to size 

discrimination and the presence of predominantly small species.  

In theory, smaller species should be able to recover faster after disturbances, 

because they have higher growth and division rates (Finkel et al. 2010). Therefore, 

it would be logical to find that communities with smaller species can withstand 

disturbances better. However, diatoms in general are characterized by high growth 

and maximum nutrient uptake rates as they are adapted to rapidly responding to 
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nutrient pulses in coastal areas (Litchman et al. 2007). Therefore, the metabolic 

size scaling might not express in this group of diatoms in general. Alternatively, 

this scaling might be masked by local adaptation to hydrodynamic stress in the 

communities investigated here. Previously exposed communities can probably 

handle disturbances better, because they are inhabited by species that compensate 

the disturbance by individual resilience or by rapid growth due to previous need 

for this. Therefore, these communities might respond less negative to the acute 

disturbance of the experiment compared to the communities with smaller species 

from the sheltered location. 

Contrary to expectations, dispersal did not lead to increased chlorophyll a 

concentration on the local nor regional scale, independent of the disturbance level. 

In community A, dispersal even decreased chlorophyll a compared to the no-

dispersal treatment. Interestingly, the variability of replicates within the dispersal 

treatment of the no-disturbance communities was very high, meaning that the 

response of these replicates was not uniform. Other studies have shown that 

dispersal indeed “rescues” disturbed communities (Altermatt et al. 2011, Symons 

and Arnott 2013). Through dispersal, communities gain access to a larger species 

pool on the regional scale so that there should be more species present that have 

the ideal traits for the novel situation after a disturbance. However, in our 

experiment, even the medium disturbance level seemed too severe, or the 

dispersal frequency too low, to initiate a rescue effect. Also, the fact that all local 

communities in a disturbed metacommunity were exposed to the same disturbance 

level (i.e. the disturbance was a regional event), could have led to this result. In 

nature and in other experiments, the regional species pool oftentimes includes 

disturbed and undisturbed patches so that within the metacommunity the 

undisturbed patches can lead to a rescue of the metacommunity (Altermatt et al. 

2011). In future experiments, including undisturbed “rescue” patches would be a 

useful addition to the experimental set-up. 

Our experiment shows that initial community composition largely drives 

ecosystem functions, despite the presence of other well-known structuring 

mechanisms. This exemplifies the important role of species identities for 

ecosystem functioning in (meta)communities and highlights the crucial need for 

protecting biodiversity in natural systems.  
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Appendix 5.1 Statistical Results 

Table A5.1.1 ANOVA effects of sampling day, disturbance, dispersal, and local initial 

community composition (local) on local chlorophyll a concentration (Chl a; log-

transformed). 

 Chl a (µg/L) Local 
 df Sum Sq Mean Sq F p 

Sampling day (S) 2 0.24 0.12 3.05 0.05 

Disturbance (D) 2 3.50 1.75 45.63 0.00 

Dispersal (DISP) 1 0.04 0.04 1.01 0.32 

Local (L) 2 7.91 3.96 103.03 0.00 

S x D 4 0.23 0.06 1.50 0.21 

S x DISP 2 0.16 0.08 2.03 0.14 

D x DISP 2 0.05 0.03 0.64 0.53 

S x L 4 0.29 0.07 1.90 0.12 

D x L 4 1.31 0.33 8.54 0.00 

DISP x L 2 0.41 0.20 5.31 0.01 

S x D x DISP 4 0.10 0.03 0.66 0.62 

S x D x L 8 0.37 0.05 1.21 0.30 

S x DISP x L 4 0.12 0.03 0.78 0.54 

D x DISP x L 4 0.06 0.02 0.40 0.81 

S x D x DISP x L 8 0.17 0.02 0.55 0.82 

Residuals 105 4.03 0.04   

 

Table A5.1.2 ANOVA effects of sampling day, disturbance, and dispersal on local 

chlorophyll a concentration (Chl a; log-transformed) in community A. 

 Chl a (µg/L) Community A 
 df Sum Sq Mean Sq F p 

Sampling day (S) 2 0.13 0.07 3.60 0.04 

Disturbance (D) 2 0.33 0.16 8.99 0.00 

Dispersal (DISP) 1 0.16 0.16 8.69 0.01 

S x D 4 0.11 0.03 1.45 0.24 

S x DISP 2 0.22 0.11 6.08 0.01 

D x DISP 2 0.01 0.01 0.38 0.68 

S x D x DISP 4 0.04 0.01 0.58 0.68 

Residuals 35 0.64 0.02   
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Appendix 5.1 (cont’d) 

Table A5.1.3 ANOVA effects of sampling day, disturbance, and dispersal on local 

chlorophyll a concentration (Chl a; log-transformed) in community H. 

 Chl a (µg/L) Community H 
 df Sum Sq Mean Sq F p 

Sampling day (S) 2 0.01 0.00 0.04 0.96 

Disturbance (D) 2 3.90 1.95 28.77 0.00 

Dispersal (DISP) 1 0.21 0.21 3.06 0.09 

S x D 4 0.49 0.12 1.80 0.15 

S x DISP 2 0.05 0.02 0.36 0.70 

D x DISP 2 0.10 0.05 0.71 0.50 

S x D x DISP 4 0.06 0.01 0.20 0.94 

Residuals 35 2.38 0.07   

 

Table A5.1.4 ANOVA effects of sampling day, disturbance, and dispersal on local 

chlorophyll a concentration (Chl a; log-transformed) in community J. 

 Chl a (µg/L) Community J 
 df Sum Sq Mean Sq F p 

Sampling day (S) 2 0.39 0.19 6.69 0.00 

Disturbance (D) 2 0.58 0.29 10.02 0.00 

Dispersal (DISP) 1 0.08 0.08 2.76 0.11 

S x D 4 0.01 0.00 0.06 0.99 

S x DISP 2 0.01 0.00 0.09 0.91 

D x DISP 2 0.00 0.00 0.02 0.98 

S x D x DISP 4 0.17 0.04 1.48 0.23 

Residuals 35 1.02 0.03   

 

Table A5.1.5 ANOVA effects of sampling day, disturbance, and dispersal on regional 

chlorophyll a concentration (Chl a; log-transformed). 

 Chl a (µg/L) Regional 
 df Sum Sq Mean Sq F p 

Sampling day (S) 2 0.06 0.03 1.72 0.19 

Disturbance (D) 2 0.79 0.39 21.08 0.00 

Dispersal (DISP) 1 0.01 0.01 0.35 0.56 

S x D 4 0.09 0.02 1.20 0.33 

S x DISP 2 0.08 0.04 2.24 0.12 

D x DISP 2 0.00 0.00 0.03 0.97 

S x D x DISP 4 0.03 0.01 0.45 0.77 

Residuals 35 0.65 0.02   
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Orbiting Earth in the spaceship, 
I saw how beautiful our planet is. 
People, let us preserve and increase this beauty, 
Not destroy it! 

-Yuri Gagarin (1973)  
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Chapter 6 

Discussion 

Friederike G. Engel 

Biodiversity is fundamental for the functioning of this planet (Hooper et al. 2005, 

2012, Cardinale et al. 2012) and thus for the survival of humanity. Unfortunately, 

we are experiencing a global biodiversity crisis that could lead to mass extinction 

rate and magnitude within the next centuries (Barnosky et al. 2011, IPCC 2014). 

Surprisingly, the global biodiversity crisis does not appear to lead to species loss 

on the local scale (Vellend et al. 2013, Dornelas et al. 2014, Elahi et al. 2015). 

This is probably due to range expansions and invasions that bring species into 

novel territories (Parmesan and Yohe 2003, Wonham and Carlton 2005, Parmesan 

2006, Byrnes et al. 2007, Dornelas et al. 2014). However, changes in species 

composition, including dominance patterns, are observed on global and local 

scales (Hillebrand et al. 2008, 2017, Magurran 2016, Jones et al. 2017). These 

changes most likely influence ecosystem functions in ways comparable to the 

complete loss of species. Therefore, it is important to consider both species 

richness and species composition when studying the consequences of biodiversity 

loss. Furthermore, today there is a general call to increase our effort to study 

biodiversity effects on ecosystem functioning in more natural settings, to promote 

our understanding of biodiversity effects in real-world ecosystems (Gamfeldt et 

al. 2008, Duffy 2009, Brose and Hillebrand 2016). In practice this means making 

experimental set-ups more complex by for example incorporating heterogeneity 

and natural processes, and thus make them more ecologically relevant. A key 

improvement needed to promote realism in biodiversity ecosystem function 

research is to include dispersal in experimental set-ups, to be able to study both 

local and regional processes. In addition, using species assemblages with natural 

compositions gives more informative results for real ecosystems than using 

artificially created species assemblages. 
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Unicellular algae are an integral part of the functioning of marine ecosystems, as 

they build the base of many food webs and turn carbon dioxide into oxygen via 

photosynthesis. Notably, the pelagic unicellular algae (phytoplankton) contribute 

roughly 50% of global primary production (Field et al. 1998), to which the benthic 

microalgae additionally contribute. In intertidal areas, such as the Wadden Sea, 

benthic microalgae are dominated by diatoms and their contribution to total 

primary production can exceed that of the phytoplankton in overlying waters 

(Admiraal et al. 1984, Underwood and Kromkamp 1999). Thus, in these areas, 

they are the main source of primary production and fuel intertidal food webs. 

Benthic microalgae ecology is complex and many scientists have spent entire 

careers investigating these organisms. These studies have revealed that species 

composition, abundance, and biomass production of benthic microalgae on 

intertidal flats is determined by a multitude of factors, including temperature, 

nutrient availability, grazing, salinity, inundation, wave action, and sediment 

grain size (MacIntyre et al. 1996, Underwood and Kromkamp 1999, Sahan et al. 

2007, Weerman et al. 2011a, 2011b, Scholz and Liebezeit 2012). Yet, there is still 

a lack of information on general ecological principals in benthic microalgae, 

because few ecologists use these organisms as model systems in their 

experiments. Due to their importance in coastal areas and their lifestyle 

characteristics (e.g. short generation times, ability to reposition themselves 

actively), however, benthic microalgae, especially diatoms, are ideal study 

organisms for ecological laboratory and field experiments. 

For the work in this thesis, I conducted field and laboratory experiments to 

investigate the impacts of different climate change stressors on biodiversity and 

ecosystem functioning of benthic microalgae. In my experiments, I considered 

multiple spatial (i.e. local and regional communities via dispersal) and temporal 

(i.e. multiple sampling points) scales, as well as multiple components of a 

community (i.e. autotrophic microalgae and heterotrophic bacteria), used natural 

community assemblages, and exposed the communities to natural stressors (i.e. 

warming and mechanical disturbance). With my research, I aimed to shed light on 

the following general questions: (1) Do potential climate change stressors 

influence biodiversity and ecosystem functioning of benthic microalgae? (2) 

Which ecological processes determine the response of microalgae to stressors 

throughout community succession? (3) Does increasing the realism of ecological 

experiments alter the response of benthic microalgae to simulated climate change 

stressors? On the next pages, I summarize the main findings of my thesis.  
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A. Ecosystem engineers promote benthic microalgae, but the strength of the 

effect depends on scale. 

In Chapter 2, I described results of a study that combined a field experiment with 

transect measurements on the intertidal flat. I found that mussel beds increase 

biomass production and primary productivity of benthic microalgae living in the 

proximity of these structures (Fig. 6.1). In addition, the results showed that scale 

is important for this function: large, established mussel beds that have existed for 

multiple years had a greater positive effect on benthic microalgae than small-scale 

plots that existed for only a few months. Thus, both spatial and temporal scales 

are important for the facilitating effect of ecosystem engineers on primary 

producers.  

 

Fig. 6.1 Ecosystem engineers promote benthic microalgae biomass and productivity 

(Chapter 2). A natural mussel bed promotes microalgae biomass and productivity in its 

vicinity. The addition of mussels to small-scale experimental plots also promotes 

microalgae biomass, however, the effect is smaller than that of the natural mussel bed. 

These results exemplify the importance of ecosystem engineers for the 

functioning of intertidal food webs and productivity of benthic microalgae. With 

their physical structure and biological provisioning, ecosystem engineers strongly 

influence the food-web dynamics and can greatly increase primary production in 

intertidal areas.  

Furthermore, the results have implications for reef restoration and protection, as 

they demonstrate that reef size matters for the facilitation effect of ecosystem 

engineers. In real ecosystems, this means that it may be more beneficial to restore 

or protect a larger cohesive reef in one location, compared to several smaller ones 

in multiple locations.   
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B. The relative importance of local community composition and dispersal for 

biodiversity and ecosystem functioning depends on successional time. 

In Chapter 3, I observed that the importance of different factors influencing 

microalgae diversity, biomass, and the ratio of bacteria to microalgae change with 

successional time. In a laboratory experiment, I discovered that initial local 

community composition was most important in the beginning of successional 

time, whereas dispersal became more important towards the end of the experiment 

(Fig. 6.2).  

 

Fig. 6.2 The effect size of initial community composition (dark dotted line) and dispersal 

(light solid line) changes with successional time (Chapter 3). In the beginning of 

community succession, initial species composition has the strongest effect size, but by 

the end of community succession, dispersal has the strongest effect size. 

This experiment shows that the temporal scale is important in ecological studies, 

because different processes dominate at different times throughout community 

succession. By only measuring the responses at one timepoint, important 

information can be missed and results can be misleading. Of course, like in all 

experiments, usually there is a logistic limitation for obtaining more time 

replicates. If it is not possible to take measurements at multiple timepoints, we 

should at least be aware that these results only capture a snap shot of this 

community and should not be generalized. Creating experiments that represent 

real-world ecosystems better includes being conscious about community 

succession and choosing sampling times deliberately.  
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C. Dispersal maintains ecosystem functioning of microalgae by preventing 

bacterial dominance. 

In Chapter 3, I also discovered that dispersal can maintain ecosystem functioning 

in a metacommunity by preventing heterotrophic bacteria from gaining 

competitive advantage over microalgae. Dispersal supplied a strong microalgae 

competitor to all local patches which mitigated increasing bacterial superiority 

and maintained high algae biomass. At the same time, within microalgae, 

dispersal decreased diversity by spreading the superior microalgae species into all 

local patches where it became dominant (Fig. 6.3). 

These results exemplify the importance of connectivity (i.e. dispersal) for 

community functioning. Isolated algae communities were quickly taken over by 

bacteria and had reduced ecosystem functioning. Whereas with dispersal, a 

superior competitor could colonize all local patches, successfully compete with 

the bacteria and maintain ecosystem functioning. This has implications for 

conservation: it is important to protect biodiversity and connected habitats to 

ensure that species best suited to certain conditions can reach the habitat.  

The results also show that to mechanistically understand community structure and 

functioning, we need to look at how multiple components of communities are 

affected by the community structuring drivers (in this case dispersal) and how this 

in turn changes interactions among them. In this case, I had a simplified system 

of only two competing groups (i.e. autotrophic microalgae and heterotrophic 

bacteria), but in nature, there will be a multitude more of interactions among the 

levels in a community that can influence overall ecosystem functioning, which 

need to be considered in ecological experiments. 
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Fig. 6.3 Dispersal hinders bacteria from outcompeting the microalgae and thus 

maintains ecosystem functioning of the microalgae (Chapter 3). Within microalgae, 

dispersal increases dominance of a superior species that got spread into all local 

patches. However, between microalgae and bacteria, dispersal weakens the dominance 

of bacteria by spreading a strong microalgae competitor and thus prevents bacterial 

dominance. 

 

D. Regional warming increases species turnover, but the effect is only visible 

when considering relevant scales. 

In Chapter 4, I described a laboratory experiment with benthic microalgae 

metacommunities, in which I found that warming increases regional species 

turnover. One heat-tolerant species was promoted by warming and then spread by 

dispersal, until it was dominant in all local communities within a metacommunity. 

The effects on turnover on the local scale strongly depended on initial community 

composition and were not uniform within the different local communities. 

This experiment illustrates the need for considering multiple spatial scales and 

connectivity when analyzing the responses of ecosystems to environmental 

factors (here related to climate change). Due to opposing responses in different 

local patches, there might not be a noticeable overall effect on smaller scales, but 

when looking at patches in the metacommunity context, disturbance events such 

as a heatwave might have strong effects. Analyzing both local and regional 

community processes in ecological experiments creates more realistic scenarios 

that are closer to real-world ecosystems compared to experiments that only 

consider local patches of habitats.  
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E.  Decreased biodiversity in response to warming may not be reflected by 

species loss. 

The results of Chapter 4, also provide an example of how the response of species 

diversity and species richness to changing conditions can be fundamentally 

decoupled on ecological time scales. In the experiment both warming and 

dispersal destabilized community composition and decreased species diversity, 

although the number of species in the metacommunity was not decreased, even 

after ca 15 generations (Fig. 6.4). 

 

Fig. 6.4 Warming and dispersal lead to the loss of regional biodiversity, but this is not 

reflected in species richness (Chapter 4). In the isolated, non-heated metacommunity, 

dispersal-limitation leads to a decrease in species richness (dark gray solid line) over 

time, but Shannon diversity (light gray dotted line) remains constant. With dispersal and 

warming, Shannon diversity in the metacommunity decreases due to spread and 

increasing dominance of a heat-tolerant species, but species richness remains constant. 

This has important implications for experimental ecology and conservation 

biology. Since negative effects on biodiversity can manifest themselves in a 

multitude of ways, it is not sufficient to look at species richness when surveying 

ecosystems. We have to consider both the number of species and changes in the 

relative abundance of species when discussing the consequences of biodiversity 

loss for ecosystems. Experiments that run only for a relatively short time might 

not capture negative effects on species richness, because it usually takes much 

longer to actually see changes in richness compared to changes in dominance 

patterns. The solution to this problem is to analyze changes in the relative 

abundance of species in addition to species richness. 
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F. Initial species composition determines the effect of disturbance on 

ecosystem functioning. 

In Chapter 5, I presented the results of a 

laboratory experiment in which I exposed 

locally dissimilar benthic microalgae 

communities to different levels of 

disturbance on the metacommunity scale. 

In this experiment I discovered that the 

response of ecosystem functioning in the 

face of disturbance depends on initial 

species composition (Fig. 6.5). Initial 

species composition varied due to 

differences in habitat conditions, among 

them different levels of hydrodynamic 

stress, organic matter content, and sediment 

grain size. The results suggest that previous 

exposure of a local assemblage to 

hydrodynamic stress weakened the 

negative effect of disturbance on biomass, 

mediated by the selected-for community 

composition. 

These results illustrate that species 

identities matter and again highlight the 

importance to not only focus on species 

richness, but also consider other aspects of biodiversity when discussing 

biodiversity loss. Communities that consist of native species adapt to local 

conditions and so are, for example, accustomed to more frequent disturbances of 

the sediment. With future disturbances, the community as a whole will probably 

have higher resistance and resilience compared to previously sheltered 

communities, because their response diversity is geared towards disturbances 

already. 

  

Fig. 6.5 Initial species composition 

determines the effect of disturbance 

on biomass (Chapter 5). 

Communities that were previously 

exposed to higher hydrodynamic 

stress have a higher biomass after 

repeated disturbance events 

compared to the previously more 

sheltered community. 
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G. Dispersal does not mitigate negative effects of disturbance on ecosystem 

functioning. 

In Chapter 5, I did not find support for the 

hypothesis that communities connected by 

dispersal are better able to cope with 

regional disturbances than isolated 

communities. There was no significant 

difference between biomass in the dispersal 

and no-dispersal communities (Fig. 6.6).  

These results indicate that dispersal (i.e. 

habitat connectivity) may not be a default 

solution for maintaining biodiversity in the 

face of system-wide disturbances. 

Dispersal can potentially be very beneficial 

in situations where a local disturbance does 

not affect all patches. However, when a 

global disturbance event takes place, like in 

this study, dispersal may not have a 

positive effect on ecosystem functioning. 

This is important for conservation efforts 

that focus on connectivity or preventing 

habitat fragmentation. The quality of the 

different local patches connected in metacommunities is crucial. Thus, not only 

do we have to make sure that we protect separate habitats that species can disperse 

into, but also that after a disturbance event, there are sufficient patches that were 

not affected by the disturbance so that species can migrate from undisturbed 

patches into the disturbed patches. For global disturbances, such as sea-level rise 

or global warming, this is nearly impossible. For more localized disturbances such 

as severe storms or precipitation events, this is more attainable. 

  

Fig. 6.6 Dispersal does not 

mitigate negative impacts of 

disturbance in a metacommunity 

(Chapter 5). There is no difference 

in biomass of the metacommunities 

connected by dispersal and the 

isolated communities. 
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Concluding Remarks 

In this thesis, I demonstrate that it is important to make ecological experiments 

more realistic. Simplifying too much leads to skewed results that cannot be 

extrapolated to real-world ecosystems. In my experiments, I saw differences in 

results depending on the successional time the samples were taken, the scale that 

was analyzed (local vs. regional, large vs. small, long-term vs. short-term, within 

microalgae vs. microalgae-bacteria), and the measure of biodiversity considered. 

Simplified set-ups are important to detect fundamental principles and confirm 

theories, but they should be extrapolated to bigger scales cautiously and thus have 

limited applicability for real-world problems such as the conservation of actual 

habitats. As a consequence, experimental ecologists should persistently increase 

the realism of their experiments. This includes turning towards natural 

assemblages of species instead of single species or artificial assemblages; 

studying multiple components of a community (i.e. autotrophs and heterotrophs); 

considering multiple spatial scales, which can be achieved by using dispersal in 

the experimental set-up; measuring multiple parts of biodiversity to capture 

changes in both species richness and species composition; and measuring 

responses at multiple time points throughout community succession, as the 

importance of different factors might change with time. Finally, we need to a 

larger extent “field-test” laboratory results by field manipulations and natural 

sampling campaigns before making conclusions about generality and relevance, 

and before making recommendations towards practical conservation. Trade-offs 

are inevitable, but constantly striving towards re-creating realistic scenarios will 

advance research in experimental ecology. 
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Personal Reflection 

Every experiment matters, just as every piece added to a puzzle clarifies the 

finished picture. The more hands-on data we add to the continuously growing 

scientific literature on ecological principals, the better we will be able to 

understand, predict, and counteract changes in nature. This will be increasingly 

important, as ecosystems on the planet are changing with an unprecedented speed. 

Habitats are destroyed, novel habitats are created. Species need to expand their 

ranges, populations need to adapt to altered conditions, and individuals will have 

to survive new extremes. The evolutionary race is becoming more and more 

skewed and fewer species will have a chance of winning it. Even though nature is 

difficult to predict and nearly impossible to tame, with experiments we can 

increase our understanding of processes and prevent some negative events from 

taking place. Cooperation between different disciplines and using multiple 

methodological approaches simultaneously become crucial, as all humans only 

have this one planet to live on (as of yet). Conclusions derived from experimental 

studies and collaborations are not going to solve all the world’s problems, but they 

might just tip the scale in the right direction. 

 

Science. 

Science is survival.  

Science is worth nothing without integrity. 

Protect scientific integrity, and humanity has a chance to survive. 

Survive. 
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Freedom of thought is best promoted 
by the gradual illumination of men’s minds 
which follows from the advance of science. 

- Charles Darwin (1880)  
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Because we all share this small planet Earth,  
we have to learn to live in harmony and peace 
with each other and with nature. 
That is not just a dream, but a necessity! 

- Tenzin Gyatso (1989)  
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English Summary 

In this doctoral thesis, I investigated how biodiversity and ecosystem functioning 

of benthic microalgae metacommunities is affected by potential climate change 

stressors. Understanding the dynamics of ecological communities is crucial for 

biodiversity conservation and thus for the protection of our planet. Even though 

many scientists have studied the relationship between biodiversity and ecosystem 

functioning and have generally found that higher biodiversity leads to better 

ecosystem functioning, there is a call for more realism in ecological experiments 

so that the results can be extrapolated to real-world ecosystems. 

In this thesis, I described results from four experiments with increased levels of 

realism in their set-up. In the experiments, I considered dispersal to be able to 

analyze multiple spatial scales (i.e. local and regional communities). I also 

sampled at multiple time points during community succession to have a better 

temporal resolution of the results. In addition, I considered multiple components 

of a community (i.e. autotrophs and heterotrophs) and used natural community 

assemblages or studied the organisms directly in the field. Finally, I analyzed 

multiple aspects of biodiversity, including species richness, evenness, and 

temporal species turnover. 

In Chapter 1, I introduced the reader to important aspects of biodiversity and 

ecosystem functioning research and (meta)community ecology. I also gave an 

introduction to the study organisms, benthic microalgae of intertidal flats, and 

explained what hardships they may face in their environment and under future 

climate change. 

Chapter 2 took the reader directly onto the intertidal flat and thus into the natural 

habitat of these benthic microalgae. I presented results from a field experiment 

and transect sampling that showed that ecosystem engineers facilitate biomass 

production and productivity of benthic microalgae. I also discovered that larger, 

established reefs have stronger effects than small-scale addition plots. Thus, I 

showed that the strength of the facilitating effect of ecosystem engineers depends 

on spatial and temporal scales. 

In Chapter 3, I studied the effects of initial microalgae community composition 

and dispersal on bacterial dominance and microalgae diversity and ecosystem 



SUMMARY 

162 

functioning. I found that the importance of initial community composition and 

dispersal for community processes changes with successional time. Consequently, 

I highlighted the importance of high temporal sampling resolution for an accurate 

portrayal of community dynamics. In Chapter 3, I also described that dispersal 

maintains ecosystem functioning of microalgae by mitigating bacterial 

dominance. A strong microalgae competitor was spread into the local 

communities connected by dispersal and successfully competed with bacteria, 

preventing bacterial takeover of the community. These results emphasized the 

importance of considering multiple competing organisms of a community to fully 

understand the effects of community structuring factors. 

In Chapter 4, I tested how an experimental heatwave and dispersal influence 

microalgae diversity. I discovered that regional warming increases species 

turnover and that a decrease in biodiversity may not necessarily be reflected in 

species loss. I observed changes in species dominance patterns independent of 

changes in species richness. These results accentuated the importance of 

considering both local and regional scales to see a net effect on biodiversity 

change and showed that analyzing multiple components of biodiversity to see 

effective changes in community patterns in response to a stressor is crucial.  

In Chapter 5, I examined how initial community composition, dispersal, and a 

mechanical disturbance influence ecosystem functioning of benthic microalgae. I 

detected that initial community composition determines the response of a 

community to the disturbance, and that dispersal does not always mitigate 

negative effects of a disturbance. These results highlighted the importance of 

species identities in a community versus just species richness and also showed 

that habitat connectivity per se is not an insurance against biodiversity loss in the 

face of regional disturbance events. 

Finally, in Chapter 6, I summarized the main findings of my thesis:  

1. Ecosystem engineers promote benthic microalgae, but the strength of the 

effect depends on scale. 

2. The relative importance of local community composition and dispersal for 

biodiversity and ecosystem functioning depends on successional time. 

3. Dispersal maintains ecosystem functioning of microalgae by preventing 

bacterial dominance. 
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4. Regional warming increases species turnover, but the effect is only visible 

when considering relevant scales. 

5. Decreased biodiversity in response to warming may not be reflected by 

species loss. 

6. Initial species composition determines the effect of disturbance on ecosystem 

functioning. 

7. Dispersal does not mitigate negative effects of disturbance on ecosystem 

functioning. 

In conclusion, in this doctoral thesis, I showed the importance of increasing 

realism of ecological experiments so that the results can be extrapolated to real-

world ecosystems more reliably. For this, I conducted experiments with benthic 

microalgae that I exposed to potential climate change stressors and documented 

their impact on biodiversity and ecosystem functioning. In my experiments, the 

results differed depending on the scale considered (i.e. temporal, spatial, 

components of a community), on the measure of biodiversity analyzed, and 

notably on initial local community composition. Consequently, increasing realism 

in experimental ecology leads to new insights into community dynamics that can 

help understand real-world ecosystems better and eventually enables us to give 

better recommendations towards practical conservation. 
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Deutsche Zusammenfassung 

In dieser Dissertation habe ich untersucht, wie die Biodiversität und 

Ökosystemfunktionen benthischer Mikroalgen-Metagemeinschaften durch 

potentielle Stressfaktoren, die durch den Klimawandel verursacht werden können, 

beeinflusst werden. Es ist unerlässlich, die Dynamiken von ökologischen 

Gemeinschaften zu verstehen, um die biologische Vielfalt erhalten und somit auch 

unseren Planeten schützen zu können. Wissenschaftler verschiedener Disziplinen 

untersuchen die Zusammenhänge von Biodiversität und Ökosystemfunktionen, 

und grundsätzlich zeigt die Forschung, dass größere Artenvielfalt zu verbesserten 

Ökosystemfunktionen führt. Es gibt jedoch nach wie vor einen großen Bedarf 

danach, diese Zusammenhänge in realistischeren ökologischen Experimenten zu 

testen, aus denen die Ergebnisse auf echte Ökosysteme in der Natur übertragen 

werden können. 

In dieser Dissertation erläuterte ich die Ergebnisse von vier Experimenten, welche 

einen realistischeren Aufbau hatten. In den Experimenten schuf ich durch 

simulierte Ausbreitung mehrere räumliche Größenordnungen und konnte somit 

sowohl lokale als auch regionale Lebensgemeinschaften untersuchen. 

Probennahmen zu mehreren Zeitpunkten der Gemeinschafts-Sukzession 

erlaubten es mir, eine bessere zeitliche Auflösung der Ergebnisse zu erhalten. 

Zusätzlich analysierte ich die Reaktion verschiedener Komponente der 

Gemeinschaft (d.h. autotrophe und heterotrophe Organismen). Eine Verbesserung 

im Vergleich zu herkömmlichen Experimenten war auch, dass ich natürlich 

zusammengesetzte Gemeinschaften untersuchte oder die Organismen direkt im 

Feld erforschte. Schließlich analysierte ich auch diverse Aspekte der 

Artenvielfalt, um sowohl Artenreichtum und Dominanzstrukturen als auch den 

zeitlichen Artenumsatz beschreiben zu können. 

Im 1. Kapitel erklärte ich die wichtigsten Aspekte der Biodiversitäts- und 

Ökosystemfunktionen-Forschung, sowie der Metagemeinschaftsökologie. 

Außerdem stellte ich die Studienorganismen, die in der Gezeitenzone des 

Wattenmeeres lebenden benthischen Mikroalgen, vor und erläuterte, welche 

Stressfaktoren diese Organismen in ihrem Habitat unter zukünftigen 

Klimakonditionen erwarten könnten.
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Im 2. Kapitel führte ich den Leser direkt in die Gezeitenzone des Wattenmeeres 

und somit in den natürlichen Lebensraum der benthischen Mikroalgen. In diesem 

Kapitel präsentierte ich Ergebnisse von einem Feldexperiment in Kombination 

mit Transsekt-Probennahmen. Die Ergebnisse zeigten, dass „Ökosystem-

Ingenieure“ (z.B. Miesmuscheln und Wattwürmer) die Biomassen-Produktion 

und Produktivität der benthischen Mikroalgen fördern. Ich fand außerdem heraus, 

dass größere, etablierte Muschelbänke eine stärkere Auswirkung haben als 

kleinere künstlich angelegte Parzellen mit Muscheln. Daraus folgt, dass die Stärke 

der positiven Auswirkung von Ökosystem-Ingenieuren auf Mikroalgen von 

räumlichen und zeitlichen Maßstäben abhängt. 

In einem Labor Experiment, welches ich im 3. Kapitel beschrieb, untersuchte ich 

die Auswirkungen von Anfangs-Artenzusammensetzung und simulierter 

Ausbreitung der Mikroalgen auf bakterielle Dominanz und Mikroalgen-Diversität 

und -Ökosystemfunktion. Meine Ergebnisse zeigten, dass die Stärke des 

Einflusses von Anfangs-Artenzusammensetzung und simulierter Ausbreitung auf 

Gemeinschafts-Prozesse mit der Zeit wechselt. Daraus folgend wird deutlich, wie 

wichtig eine hohe zeitliche Auflösung der Probennahme ist, um ein realistisches 

Bild der Gemeinschafts-Dynamiken wiederzugeben. Im 3. Kapitel beschrieb ich 

auch, dass die simulierte Ausbreitung einige Ökosystemfunktionen der 

Mikroalgen aufrechterhalten kann, indem sie die Bakterien-Dominanz 

unterdrückt. Ein starker Mikroalgen-Konkurrent wurde in die Gemeinschaften, 

die miteinander verbunden waren, verbreitet. Diese Art hat dann erfolgreich mit 

den Bakterien konkurriert und somit die Übernahme der Gemeinschaft durch 

Bakterien verhindert. Diese Ergebnisse verdeutlichen, wie wichtig es ist, mehrere 

konkurrierende Organismen einer Gemeinschaft zu beachten, um die 

Auswirkungen von gemeinschaftsstrukturierenden Faktoren gänzlich zu 

verstehen. 

Im Labor-Experiment des 4. Kapitels untersuchte ich, wie eine simulierte 

Hitzewelle und Ausbreitung Mikroalgen-Diversität beeinflussen. Ich entdeckte, 

dass regionale Erwärmung den Artenumsatz erhöht und dass die Verminderung 

der Biodiversität nicht unbedingt im Artenverlust reflektiert ist. Stattdessen 

beobachtete ich Veränderungen in Dominanzstrukturen, ohne dass der 

Artenreichtum verändert wurde. Diese Ergebnisse verdeutlichen, wie wichtig das 

Beachten von lokalen und regionalen Größenordnungen ist, um insgesamt 

Veränderungen der Biodiversität einer Gemeinschaft feststellen zu können. 

Außerdem zeigen die Ergebnisse, wie wichtig es ist, mehrere Einheiten der 
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Biodiversität zu analysieren, um Veränderungen in Gemeinschafts-Mustern als 

Reaktion auf Stressfaktoren sehen zu können. 

Im 5. Kapitel untersuchte ich in einem Labor-Experiment inwieweit Anfangs-

Artenzusammensetzung, simulierte Ausbreitung und eine mechanische Störung 

die Ökosystemfunktionen von Mikroalgen beeinflussen. Ich fand heraus, dass die 

Anfangs-Artenzusammensetzung die Reaktion einer Gemeinschaft auf die 

Störung bestimmt und dass Ausbreitung nicht immer die negativen Folgen einer 

Störung vermindern kann. Diese Ergebnisse verdeutlichen, wie wichtig die 

Identität von Arten ist (und nicht nur der Artenreichtum) und zeigen, dass die 

Verknüpfung von lokalen Habitaten per se keine Absicherung gegen den 

Artenverlust in Reaktion auf eine regionale Störung ist. 

Im 6. Kapitel, fasste ich schließlich die wichtigsten Ergebnisse meiner 

Dissertation zusammen: 

1. Ökosystem-Ingenieure fördern benthische Mikroalgen, aber die Stärke der 

Auswirkung hängt von der Größenordnung ab. 

2. Die Wechselwirkung zwischen lokaler Artenzusammensetzung und 

Ausbreitung für Biodiversität und Ökosystemfunktion hängt von 

sukzessiver Zeit ab. 

3. Ausbreitung erhält Ökosystemfunktion der Mikroalgen, indem sie 

bakterielle Dominanz verhindert. 

4. Regionale Erwärmung erhöht den Artenumsatz, aber der Effekt ist nur 

sichtbar, wenn relevante Größenordnungen beachtet werden. 

5. Verminderte Biodiversität als Reaktion auf Erwärmung ist möglicherweise 

nicht im Artenverlust sichtbar. 

6. Anfangs-Artenzusammensetzung bestimmt die Auswirkung von einer 

mechanischen Störung auf Ökosystemfunktionen. 

7. Ausbreitung verhindert die negativen Auswirkungen von Störungen auf 

Ökosystemfunktionen nicht. 
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Alles in allem habe ich in dieser Dissertation gezeigt, wie wichtig es ist, 

ökologische Experimente realistischer zu machen, damit die Ergebnisse 

zuverlässiger auf natürliche Ökosysteme übertragen werden können. Um 

realistischere Ergebnisse zu erhalten, führte ich diverse Experimente mit 

benthischen Mikroalgen durch. Diese setzte ich potentiellen Stressfaktoren aus, 

um dann den Einfluss auf Biodiversität und Ökosystemfunktionen dokumentieren 

zu können. In meinen Experimenten variierten die Ergebnisse je nach 

Größenordnung, die ich einbezog (zeitlich, räumlich, Komponente der 

Gemeinschaft), Art des Biodiversitätsindexes, der analysiert wurde, und 

beachtenswert je nach lokaler Anfangs-Artenzusammensetzung. Letztendlich 

führt mehr Realismus in experimenteller Ökologie zu neuen Einblicken in 

Gemeinschafts-Dynamiken, die uns dabei helfen können, natürliche Ökosysteme 

besser zu verstehen. Dies kann uns schließlich dabei behilflich sein, bessere 

Empfehlungen für den angewandten Naturschutz auszusprechen. 

 



 

168 

 Nederlandse Samenvatting 

In deze PhD thesis heb ik onderzocht hoe de biodiversiteit en het functioneren van 

benthische metagemeenschappen van microalgen in een ecosysteem worden 

beïnvloed door potentiële stressoren van klimaatverandering. Het begrijpen van 

de dynamiek in ecologische gemeenschappen is cruciaal voor het behoud van 

biodiversiteit en dus voor het beschermen van onze planeet. Hoewel vele 

wetenschappers al gekeken hebben naar de relatie tussen biodiversiteit en het 

functioneren van een ecosysteem, en in het algemeen hebben gevonden dat een 

hogere biodiversiteit leidt tot een beter functioneren van het ecosysteem, blijft er 

vraag naar meer realistische ecologische experimenten zodat de resultaten naar 

werkelijk bestaande ecosystemen geëxtrapoleerd kunnen worden. 

In deze thesis heb ik de resultaten beschreven van vier experimenten met 

toenemende mate van realiteit in hun opzet. In de experimenten ging ik er van uit 

dat met verspreiding meerdere ruimtelijke schaalniveaus (i.e. lokale en regionale 

levensgemeenschappen) geanalyseerd kunnen worden. Ik heb ook op 

verschillende tijdstippen bemonsterd tijdens successie van de gemeenschappen 

om tot een betere temporele resolutie van de resultaten te komen. Daar bijkomend 

heb ik meerdere componenten van een gemeenschap (i.e. autotrofe en heterotrofe 

organismen) meegenomen en natuurlijke samenstellingen van gemeenschappen 

gebruikt, of heb ik de organismen direct in het veld bestudeerd. Tenslotte heb ik 

meerdere aspecten van biodiversiteit geanalyseerd, waaronder soortenrijkdom, 

soortgelijkheid en temporele turnover van soorten. 

In hoofdstuk 1 introduceerde ik aan de lezer belangrijke aspecten van het 

onderzoek aan biodiversiteit en het functioneren van ecosystemen en ecologie van 

(meta)gemeenschappen. Verder gaf ik een introductie van de bestudeerde 

organismen, benthische microalgen van het wad, en legde ik uit wat voor stress 

zij tegen kunnen komen in hun omgeving en door toekomstige 

klimaatsveranderingen.
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Hoofdstuk 2 nam de lezer mee het wad op en dus naar het natuurlijke habitat van 

deze benthische microalgen. Ik presenteerde resultaten van een veldexperiment 

en bemonstering van transecten waaruit bleek dat ecosystem engineers de 

productie van biomassa en de productiviteit van benthische microalgen 

faciliteren. Tevens ontdekte ik dat grotere, gevestigde riffen sterkere effecten 

hebben dan kleinschalige kunstmatige riffen in plots. Zodoende heb ik laten zien 

dat de mate van facilitatie door ecosystem engineers afhangt van de ruimtelijke 

en temporele schaal. 

In hoofdstuk 3 heb ik de effecten bestudeerd van de initiële samenstelling van 

gemeenschappen van microalgen en verspreiding op de dominantie van bacteriën, 

diversiteit van microalgen en het functioneren van een ecosysteem. Ik ontdekte 

dat het belang van de initiële samenstelling van gemeenschappen en verspreiding 

voor processen in de gemeenschap verandert naarmate de voortschrijding van de 

successie. Als gevolg hiervan benadrukte ik het belang van een hoge, temporele 

resolutie van bemonsteren om zo de dynamieken van de gemeenschappen 

accuraat weer te geven. In hoofdstuk 3 beschreef ik ook dat verspreiding het 

functioneren van microalgen in een ecosysteem onderhoudt door middel van het 

matigen van bacteriële dominantie. Er werd een sterke concurrent van microalgen 

uitgezet in de lokale, door verspreiding verbonden, gemeenschappen en deze 

concurreerde succesvol met de bacteriën. Hierdoor werd voorkomen dat de 

gemeenschap overgenomen werd door bacteriën. Deze resultaten onderstreepten 

dat het belangrijk is dat meerdere concurrerende organismen van een 

gemeenschap worden meegenomen wanneer men de effecten van de factoren die 

de samenstelling van gemeenschappen beïnvloeden in zijn geheel wilt begrijpen.  

In hoofdstuk 4 testte ik hoe een experimentele hittegolf en verspreiding de 

diversiteit van microalgen beïnvloeden. Ik ontdekte dat regionale opwarming de 

turnover van soorten doet toenemen en dat een vermindering van biodiversiteit 

niet per se terug te zien is in een verlies van soorten. Ik merkte veranderingen op 

in de dominantiepatronen van soorten die losstonden van veranderingen in 

soortenrijkdom. Deze resultaten benadrukten het belang van het overwegen van 

zowel lokale en regionale ruimtelijke schalen om een netto effect te zien in de 

verandering van biodiversiteit. Tevens liet het zien dat het analyseren van 

meerdere componenten van biodiversiteit cruciaal is, om zo effectieve 

veranderingen te zien in patronen van gemeenschappen als respons op een 

stressor. 
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In hoofdstuk 5 onderzocht ik hoe de initiële samenstelling van  gemeenschappen, 

verspreiding en een mechanische verstoring het functioneren van benthische 

microalgen in een ecosysteem beïnvloeden. Ik stelde vast dat de initiële 

samenstelling van een gemeenschap de reactie van een gemeenschap op de 

verstoring bepaalt en dat verspreiding niet altijd de negatieve effecten van een 

verstoring vermindert. Deze resultaten lieten het belang zien van de identiteit van 

een soort in een gemeenschap versus enkel soortenrijkdom. Tevens lieten ze zien 

dat enkel de verbinding van habitatten geen garantie is voor het behoud van 

biodiversiteit ten tijde van regionale verstoringen. 

Tenslotte, in hoofdstuk 6, gaf ik een samenvatting van de voornaamste bevinden 

van mijn thesis: 

1. Ecosystem engineers bevorderen bentische microalgen, maar de sterkte van 

het effect hangt af van de ruimtelijke schaal. 

2. De interactie tussen de lokale samenstelling van een gemeenschap en 

verspreiding hangt voor biodiversiteit en het functioneren van een 

ecosysteem af van het successiestadium. 

3. Verspreiding laat het functioneren van microalgen in een ecosysteem 

voortduren door dominantie van bacteriën te voorkomen. 

4. Regionale opwarming verhoogt de turnover van soorten, maar het effect is 

enkel zichtbaar wanneer de relevante ruimtelijke schaal wordt overwogen. 

5. Verminderde biodiversiteit, als reactie op opwarming, hoeft niet 

teruggezien te worden in het verlies van soorten. 

6. De initiële samenstelling van een gemeenschap bepaalt het effect van 

verstoring op het functioneren van een ecosysteem. 

7. Verspreiding vermindert negatieve effecten van verstoring op het 

functioneren van een ecosysteem niet.  
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Tenslotte heb ik in deze thesis het belang laten zien van het realistischer maken 

van ecologische experimenten, om zo te zorgen dat de resultaten betrouwbaarder 

geëxtrapoleerd kunnen worden naar reële ecosystemen. Hiervoor heb ik 

experimenten gedaan met benthische microalgen die ik heb blootgesteld aan 

potentiële stressoren van klimaatsverandering en heb ik hun invloed op 

biodiversiteit en het functioneren van ecosystemen vastgelegd. In mijn 

experimenten verschilden de resultaten wat betreft de beschouwde schaal (i.e. 

temporeel, ruimtelijk, componenten van een gemeenschap), de geanalyseerde 

meting van biodiversiteit, en in het bijzonder wat betreft de initiële lokale 

samenstelling van de gemeenschap. Zodoende zal meer realisme in de 

experimentele ecologie leiden tot nieuwe inzichten in de dynamiek van 

gemeenschappen, wat kan helpen bij het beter begrijpen van de reële ecosystemen 

en ons, uiteindelijk, in staat zal brengen om betere adviezen te geven voor 

natuurbehoud in de praktijk. 



 

172 

  



 

173 

 
Acknowledgements 



 

174 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

And in the end, 
the love you take is equal 
to the love you make. 

- The Beatles (1969) 
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