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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 
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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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