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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.  
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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). 



CHAPTER 1 

19 

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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