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1 Summary 

1.1 English summary 

Urban streams are severely impacted by anthropogenic pressures, resulting in reduced water 

quality and habitat diversity, which leads to a decline of benthic invertebrate diversity. Stream 

restoration aims to counteract this biodiversity decline by improving instream conditions and 

increasing habitat diversity, thereby creating new habitats for benthic invertebrates. However, 

benthic community recovery is often slow or absent. Reasons for this may be found in the 

mechanisms that control the recolonisation process: dispersal, tolerances (environmental filter) 

and biotic interactions (e.g., competition). According to the ‘Asymmetric Response Concept’ 

(ARC, Vos et al., 2023) their roles change predictably in space and time, but this has never been 

tested. To understand how dispersal, tolerances and competition interact during recolonisation, 

the three mechanisms need to be investigated in concert and their relative importance 

considered. Existing studies often lack detailed long-term data, leaving the patterns of 

recolonisation unresolved. This thesis addresses this research gap, using time-series data from 

the Boye catchment (Western Germany), which is characterised by urban land use and was used 

as open sewer for almost a century. The removal of wastewater, combined with 

hydromorphological restoration initiated a recolonisation process. This process and the 

underlying mechanisms were addressed in three chapters.  

In the first chapter, ten years of monitoring data were analysed to identify general recolonisation 

patterns of benthic invertebrates and corresponding environmental drivers (Gillmann et al., 

2023). Benthic communities became more similar and stabilised after eight years, with time 

since restoration being the main driver of community development. Habitat development, 

coupled with the increase in woody riparian cover, led to a shift in species assemblages. In the 

second chapter, the same time-series data was used to analyse the temporal changes of the 

communities’ traits, coupled to dispersal, tolerance and competition (Gillmann et al., 2024a). 

The communities’ dispersal capacity was highest directly after restoration and gradually 

decreased over time. Simultaneously, tolerance toward organic decomposition decreased, while 

tolerance toward chloride remained stable. On the other hand, interspecific competition (i.e., 

trait overlap) increased with time since restoration. In the last chapter, the role of the three filters 

was investigated based on 48 samples, collected in the Boye catchment in 2022. For the 

analysis, species- and site- specific data was used, including distance to source populations 

(dispersal filter), habitat suitability (environmental filter) and trait overlap (competition filter) 

(Gillmann et al., 2024b). Similar to chapter two, the dispersal filter was identified to be most 
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important during initial recovery, while it continued to influence species distributions at more 

mature sites. The environmental filter significantly affected species distributions at sites 

unimpacted by historical sewage input and hydromorphological restoration. In contrast, a 

moderate effect was observed at ‘mature restored’ (> 10 years) sites, while no effect was 

observed at ‘recently restored’ (< 4 years) sites. Lastly, the competition filter was not a 

determining factor for species distributions, regardless of the restoration age.  

The findings from this thesis are in line with the major assumption of the ARC that initial 

recovery depends on dispersal (Vos et al., 2023). Tolerances remain important if stressors are 

removed gradually. On the other hand, natural succession results in the increasing importance 

of environmental conditions over time. The competition filter showed contradicting results, 

indicating that trait overlap does not result in competitive exclusion.  

In conclusion, this thesis provides valuable insights into the patterns and mechanisms acting 

during recolonisation of benthic invertebrates in urban streams. Despite the open sewer history 

of the Boye catchment, the communities recovered, following comparable patterns over time. 

This emphasizes that stream restoration efforts should continue to be directed at urban streams. 

These should consider the recovery trajectory of the ARC to remove possible barriers to 

recolonisation.  
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1.2 German summary 

Flüsse im urbanen Raum sind stark durch menschliche Einflüsse geprägt, was zu einer 

verminderten Wasserqualität und dem Verlust von Lebensräumen führt. Daraus resultiert der 

Rückgang der Diversität von benthischen Zönosen. Um dem Verlust der Biodiversität 

entgegenzuwirken, werden immer mehr Flüsse renaturiert, wobei die Wasserqualität verbessert 

und neue Lebensräume für benthische Invertebraten geschaffen werden. Die Erholung der 

benthischen Zönosen verläuft jedoch oft langsam oder bleibt aus. Gründe dafür können in den 

Mechanismen liegen, die den Wiederbesiedlungsprozess steuern. Dazu gehören die Dispersion, 

Toleranz gegenüber Umweltstressoren (Umweltfilter) und biotische Interaktionen (z.B. 

Konkurrenz). Laut dem „Asymmetric Response Concept“ (ARC, Vos et al., 2023) variiert der 

Einfluss dieser drei Mechanismen im Laufe der Zeit. Diese Hypothese wurde jedoch nie 

getestet. Um zu verstehen, wie Dispersion, Toleranz und Konkurrenz während der 

Wiederbesiedlung interagieren, müssen diese drei Filter gemeinsam betrachtet und ihre relative 

Bedeutung untersucht werden. Dazu bedarf es detaillierter Langzeitdaten, die jedoch selten 

vorhanden sind. In dieser Arbeit wird diese Wissenslücke mithilfe von Zeitreihendaten aus dem 

Boye-Einzugsgebiet bearbeitet, das durch urbane Landnutzung geprägt ist und fast ein 

Jahrhundert lang als offener Abwasserkanal genutzt wurde. Die Entfernung des Abwassers, 

kombiniert mit der hydromorphologischen Renaturierung, initiierte einen Wieder-

besiedlungsprozess. Dieser Prozess und die zugrunde liegenden Mechanismen wurden in drei 

Kapiteln behandelt. 

 Im ersten Kapitel wurden Monitoring-Daten aus zehn Jahren analysiert, um allgemeine Muster 

in der Wiederbesiedlung von benthischen Invertebraten und den zugehörigen Umweltfaktoren 

zu identifizieren (Gillmann et al., 2023). Die benthischen Zönosen wurden mit der Zeit 

ähnlicher und stabilisierten sich nach acht Jahren. Die Zeit seit Renaturierung war der 

Haupttreiber dieser Entwicklung. Durch die Zunahme der Ufervegetation, entwickelten sich 

komplexere Habitate, was zu Veränderungen in der Artenzusammensetzung führte. Im zweiten 

Kapitel wurden dieselben Zeitreihendaten verwendet, um die zeitlichen Veränderungen der 

Präferenzen in Bezug auf Dispersion, Toleranz und Konkurrenz innerhalb der Zönosen zu 

analysieren (Gillmann et al., 2024a). Unmittelbar nach der Renaturierung war die Zönose von 

einer hohen Dispersionskapazität geprägt, die über die Zeit abnahm. Die Toleranz gegenüber 

organischer Zersetzung nahm im Lauf der Zeit ab, während keine Veränderungen bezüglich der 

Chlorid-Toleranz festgestellt wurden. Schließlich nahm die interspezifische Konkurrenz 

(Überlappung von Artpräferenzen) mit der Zeit seit der Renaturierung zu. Im letzten Kapitel 

wurde die Rolle der drei Filter anhand von 48 Probestellen untersucht, die 2022 im Boye -
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Einzugsgebiet gesammelt wurden (Gillmann et al., 2024b). Die Analyse basierte auf arten- und 

standortspezifischen Daten: die Entfernung zu Quellpopulationen (Dispersionsfilter), die 

Habitat-Eignung (Umweltfilter) und Artpräferenzen (Konkurrenzfilter). Ähnlich wie im 

zweiten Kapitel wurde der Dispersionsfilter als der wichtigste Faktor während der frühen 

Erholungsphasen identifiziert. Er beeinflusste jedoch ebenfalls die benthischen Zönosen an 

Standorten, die bereits länger renaturiert sind (> 10 Jahre). An Standorten, die nicht durch 

historischen Abwassereinfluss und hydromorphologische Renaturierungen beeinträchtigt 

wurden, war der Umweltfilter maßgebend für eine erfolgreiche Besiedlung. Derweil wurden 

geringe Auswirkungen für länger renaturierte bzw. keine Auswirkungen für frisch renaturierte 

Standorte beobachtet. Die interspezifische Konkurrenz war kein entscheidender Faktor für die 

Artenzusammensetzung, unabhängig vom Renaturierungsalter.  

Die beschriebenen Ergebnisse stimmen größtenteils mit den Vorhersagen des ARC überein, 

wonach die Dispersion besonders in frühen Erholungsphasen wichtig ist und die Bedeutung der 

Umweltbedingungen über die Zeit zunimmt (Vos et al., 2023). Wenn Stressoren nur allmählich 

entfernt werden, spielen auch Toleranzen weiterhin eine Rolle. Dahingegen zeigten sich in 

Bezug auf die Konkurrenz widersprüchliche Ergebnisse, die darauf hinweisen, dass eine 

Überlappung der Präferenzen nicht zur Verdrängung von Arten führt. 

Diese Arbeit liefert wichtige Einblicke in die Muster und Mechanismen, die während der 

Wiederbesiedlung von benthischen Invertebraten in urbanen Flüssen wirken. Trotz der 

ehemaligen Nutzung des Boye-Einzugsgebiets als offener Abwasserkanal, erholten sich die 

Zönosen im Laufe der Zeit, wobei sie ähnlichen Mustern folgten. Das zeigt, dass 

Renaturierungsmaßnahmen auch in Zukunft in urbanen Flüssen durchgeführt werden sollten. 

Dabei sollten die Muster des ARC berücksichtigt werden, um mögliche Barrieren für die 

Wiederbesiedlung zu entfernen.  
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2 General Introduction 

2.1 The role of river ecosystems 

Riverine ecosystems are among the most important ecosystems on earth (Jackson et al., 2001). 

They provide essential habitats for a diverse range of fauna and deliver numerous ecosystem 

services that benefit human societies (Everard and Powell, 2002; Dudgeon et al., 2006). These 

services encompass water supply, water quality control, microclimate regulation, tourism and 

recreation, erosion prevention and food supply (Hanna et al., 2018). In addition, they provide 

water for agricultural and industrial activities (Vári et al., 2022).  

Despite their importance, streams worldwide are increasingly threatened, experiencing 

dramatic losses of biodiversity and habitat degradation caused by natural and anthropogenic 

stressors (Alcamo et al., 2008; Birk et al., 2020). Natural stressors to streams include extreme 

weather events such as heatwaves and high precipitation, which result in droughts and floods, 

respectively, and are predicted to become more frequent due to climate change (Domisch et al., 

2013; Tabari, 2020; Chiang et al., 2021). In addition, anthropogenic pressures from expanding 

agricultural and urban activities threaten streams (Jones, 2001; Dudgeon, 2019) by introducing 

pollutants, destroying habitats, and altering natural flow patterns (Brooker, 1985; Horsák et al., 

2009; Zerega et al., 2021; Schürings et al., 2022).  

2.2 Anthropogenic impacts on urban streams 

The impacts of human activities are especially apparent in streams in urban areas (further on 

called ‘urban streams’) which are the primary focus of this thesis. Walsh et al. (2005) described 

these streams to exhibit ‘urban stream syndrome’ due to the high population density 

surrounding them. Accordingly, urban streams are impacted by a combination of point and 

nonpoint source pollution (Neumann et al., 2002; Moore et al., 2017), hydrological changes 

(Baumgartner and Robinson, 2017) and hydromorphological alterations (Haase et al., 2013; 

Zerega et al., 2021). Discharge from factories or wastewater treatment plants (point source 

pollution), along with enhanced surface runoff (nonpoint source pollution) caused by 

impervious surfaces (Karlsen et al., 2019; Nguyen et al., 2023), introduces a variety of 

contaminates into streams. These contaminates include nutrients, ions, metals and pesticides, 

which can severely impair water quality (Paul and Meyer, 2001; Walsh et al., 2005; Burdon et 

al., 2016; Dittmer et al., 2020). For example, enhanced concentrations of chloride and other 

ions from wastewater and runoff can result in elevated conductivity (Koryak et al., 2001; 

Morgan et al., 2007; Barałkiewicz et al., 2014; Dittmer et al., 2020). Enhanced surface runoff 
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additionally increases peak flows, causing erosion, and prevents precipitation from entering the 

ground. This reduction in groundwater recharge lowers the baseflow and increases the 

likelihood of desiccation in summer (Hancock, 2002; Ryan et al., 2010). On the other hand, 

wastewater treatment plant effluents can increase the baseflow of urban streams, maintaining 

flow during heatwaves and preventing desiccation (Bhaskar et al., 2016). Major 

hydromorphological changes include channelisation and the insertion of concrete riverbeds, 

which further increases flow velocity and reduces erosion, respectively (Booth et al., 2016; 

Auel et al., 2017). In addition, woody riparian vegetation is often removed, which increases 

stream temperature and evaporation rates, further enhancing the probability of desiccation (Kail 

et al., 2021). The accumulation of the stressors described, results in heavy degradation of urban 

streams, their habitats and their biotic communities, posing a special challenge for stream 

management and conservation (Walsh et al., 2005; Rumschlag et al., 2023).  

2.3 Stream restoration challenges 

The degradation of stream ecosystems has led to severe biodiversity decline (Birk et al., 2020). 

To counteract further degradation, the European Water Framework Directive (WFD; 

2000/60/CE) was introduced in 2000, with the central aim for all European water bodies 

(ground and surface waters) to reach at least a good ecological status by 2027. The ecological 

status, defined in the WFD, is a measure of stream health which entails biological, 

physicochemical and hydromorphological parameters (European Union, 2008). Accordingly, 

these parameters were implemented in monitoring programs, to evaluate the ecological status 

of streams (Arle et al., 2016). Biological parameters provide the most comprehensive 

assessment of stream health, as the distribution and density of stream biota are influenced by 

stressors over longer timeframes, while physicochemical parameters only reflect current 

conditions (Barbour et al., 2000). Aquatic groups used for bioassessment include 

phytoplankton, macrophytes, phytobenthos, fish fauna and benthic invertebrates (Resh, 2008; 

Kenney et al., 2009; Haase et al., 2013). While all these groups have their advantages for 

bioassessment, benthic invertebrates are most frequently used (Hering et al., 2004; Masouras et 

al., 2021). They play an important role in stream ecosystems, as they serve many ecological 

functions, such as decomposition and nutrient cycling, and are an important part of the aquatic 

food web, acting as consumers and prey (Wallace and Webster, 1996). Further, they are 

abundant in stream ecosystems, vary in their sensitivity toward stressors and exhibit a range of 

ecological preferences (Kenney et al., 2009; Tampo et al., 2021).  
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To improve the ecological status of streams, the EU member states implemented different 

stream restoration measures. Major components of stream restoration efforts include dam 

removal to restore longitudinal connectivity (Magilligan et al., 2016), the removal of point 

source pollution to improve water quality (Thompson et al., 2018), hydromorphological 

restoration, such as the removal of concrete beds or addition of habitat structure to increase 

flow diversity (Quinn et al., 2009; Januschke et al., 2014; Verdonschot et al., 2016; Omoniyi et 

al., 2022) and the planting of woody riparian vegetation (Thompson and Parkinson, 2011). 

Woody riparian vegetation can significantly enhance the habitat quality of streams (Palt et al., 

2023). Next to decreasing stream temperatures via shading (Davies‐Colley et al., 2009; Kail et 

al., 2021), it stabilises streambanks and provides particulate organic matter and deadwood to 

the stream, which serve as important food source and shelter for various benthic invertebrate 

species (Purcell et al., 2002; Miller et al., 2010; Thompson and Parkinson, 2011; Kail et al., 

2015).  

After the streams conditions have been improved, the benthic communities were expected to 

quickly recolonise the restored habitats (‘Field of dreams’ hypothesis, Palmer et al., 1997). 

However, many studies have reported only minor responses of the benthic invertebrate 

community (Jähnig et al., 2010; Louhi et al., 2011; Violin et al., 2011; Leps et al., 2016; Al-

Zankana et al., 2020). Positive effects have also been reported, but less frequently (England et 

al., 2021; Lorenz, 2021). Missing community responses often result from the failure of 

restoration measures to enhance the physical and hydrological conditions (Bond and Lake, 

2003; Palmer et al., 2010; Brettschneider et al., 2023). In some cases, stressors acting on 

catchment scale, such as upstream point source pollution, continue to impair water quality, 

preventing the benthic invertebrate community to recover (Wolfram et al., 2021; Omoniyi et 

al., 2022; Verdonschot and Verdonschot, 2023). Habitat fragmentation and the absence of 

source populations may act as dispersal barriers and impede recolonisation of benthic 

invertebrate species (Sundermann et al., 2011; Tonkin et al., 2018). Additionally, the presence 

of a tolerant pre-restoration community can prevent the arrival of new species (‘negative 

resistance’, Wolff et al., 2019; Barrett et al., 2021). Lastly, initial recovery of communities 

following decades of water quality improvements can be delayed or reversed by the 

introduction of new stressors, e.g., pollutants, climate change and arrival of invasive species 

(Haase et al., 2023).  
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2.4 Patterns and mechanisms of benthic invertebrate recovery 

Benthic invertebrate community recovery after stream restoration is strongly linked to the 

underlying mechanisms of recolonisation processes. The main drivers of recolonisation are 

summarised as spatial, environmental and biotic interaction filters, which are expected to act 

on the existing species pool in hierarchal order (Lake et al., 2007; Westveer et al., 2018). These 

drivers are similar to the ones described in metacommunity theory (Leibold et al., 2004; Lake 

et al., 2007; Heino et al., 2015), governing processes of community assembly. The spatial filter 

includes the species-specific dispersal capacities, the distance to source populations and other 

barriers to dispersal (Sundermann et al., 2011; Tonkin et al., 2018; Li et al., 2019). Dispersal 

plays an important role in the life-cycle of benthic invertebrates. Hololimnic species have 

aquatic larval and adult stages and are therefore mostly restricted to aquatic dispersal (Tonkin 

et al., 2018). However, aerial dispersal is also possible through vectors, e.g., via phoresy 

(Figuerola and Green, 2002; Alonso and Castro-Díez, 2008). Merolimnic species, on the other 

hand, have a flying adult stage and leave the water column for mating, allowing them to actively 

disperse through air and over long distances (Tonkin et al., 2014). Hence, benthic invertebrates 

can disperse along the river network or overland (Tonkin et al., 2018). Different indices were 

developed to quantify dispersal capacity, using dispersal traits collected in several databases 

(Schmidt-Kloiber and Hering, 2015; Li et al., 2016; Sarremejane et al., 2020). Active dispersal 

compensates for passive downstream drift (Kopp et al., 2001) and is necessary to recolonise 

habitats after disturbances from droughts or after stream restoration (Sarremejane et al., 2017). 

Rapid recolonisation of restored stream reaches was identified to be linked to the presence of 

nearby source populations and good connectivity, rather than being dependant on specific 

dispersal traits (Langford et al., 2009; Sundermann et al., 2011; Brown et al., 2018; Westveer 

et al., 2018). But pioneer communities were shown to consist of strong dispersing species 

(Winking et al., 2014; Lorenz, 2021).  

The environmental filter describes the local conditions of a stream reach (Lake et al., 2007). 

Only species that perform well in a given habitat can occur, a process known as ‘species sorting’ 

(Leibold et al., 2004; Heino et al., 2015). Different species exhibit different preferences toward 

environmental conditions. The range of conditions that are potentially suitable for the species 

define their ‘fundamental niche’ (Hutchinson, 1957). This niche is narrow for sensitive species 

and wide for tolerant species (Heino and de Mendoza, 2016). Recolonisation success therefore 

depends on the fit between environmental conditions and the preferences of potential colonisers 

(Verdonschot et al., 2016). Local differences in water quality were found to determine 

community composition (Robinson et al., 2014). Consequently, sensitive species are more 
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severely impacted by short-term disturbances due to natural or human-induced stressors that 

alter the streams conditions (Townsend, 1989). Environmental species sorting is expected to be 

closely linked to species dispersal (Smith et al., 2015; Csercsa et al., 2019). Good dispersing 

species can easily detect suitable habitats and establish at new sites (Pander et al., 2016). 

Species, not thriving in the given conditions, may still be able to persist, due to continuous 

influx from upstream as a result from high dispersal rates (‘mass effects’, Leibold et al., 2004; 

Sarremejane et al., 2017). The neutral theory of Leibold et al. (2004) suggests that differences 

in the community structure between different stream reaches are the result from random 

dispersal and environmental variability. 

The ’realized niche’ of a species describes the conditions where the species actually occurs 

(Hutchinson, 1957). This differs from the ‘fundamental niche’ due to biotic interactions that 

control local community dynamics (Lake et al., 2007). Interspecific biotic interactions involve 

trophic interactions or competition for food and space (Wisz et al., 2013). The degree of 

competition depends on the availability of these resources. Species that rely on similar resources 

are expected to compete with each other. Consequently, competition increases, if the essential 

resources are depleted (Barrett et al., 2021). Resource depletion and niche alteration, can 

prevent desired species from settling at the restored site, which is referred to as ‘negative 

resistance and resilience’ (Lake, 2013). Therefore, the order of arrival is relevant for the 

recolonisation success of benthic invertebrates, because early arriving species can prevent other 

species from settling due to priority effects (Little and Altermatt, 2018). This is especially 

problematic in the presence of a degraded pre-restoration community (Barrett et al., 2021). For 

example, mayflies were demonstrated to be outcompeted by large snail densities (White et al., 

2021), while caddisflies were shown to be superior to mayflies and snails, if they arrived first 

(Eglesfield et al., 2023). In general, strong competitors are expected to outcompete weak 

competitors (Eglesfield et al., 2023), potentially leading to complete species replacement. 

However, such competitive exclusion was found to be a slow process, occurring over many 

decades to millennia (Yackulic, 2017). In stable communities, an equilibrium between local 

extinction and colonisation dynamics can influence local dynamics (‘patch dynamics’, Leibold 

et al., 2004).  

In close relation to metacommunity theory, the Asymmetric Response Concept (ARC, Vos et 

al., 2023) offers a framework to predict community responses under varying stressor intensities. 

It suggests that the role of the three filters (dispersal, tolerances and biotic interactions) for 

community assembly varies predictably over temporal and spatial gradients of recovering 

streams (Figure 1). In degraded streams, the species-specific tolerances determine their 
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occurrence, while the other two filters are less important. The species’ dispersal capacity is 

important for rapid recovery post-restoration and biotic interactions mainly act on the newly 

established community. However, recovery may only be partial and communities can persist in 

degraded states, due to remaining stressors, barriers to recolonisation or reintroduction 

resistance (Vos et al., 2023).  

 

Figure 1: Conceptual figure, showing the main hypothesis of the Asymmetric Response 

Concept (ARC, Vos et al., 2023). 

2.5 The importance of long-term studies  

Understanding recolonisation patterns and their underlying mechanisms is crucial for 

restoration ecology. The ARC and metacommunity theories suggest that these are driven by the 

combined effect of three key factors, dispersal, environmental filtering and biotic interactions. 

While each of these factors has been investigated individually (section 2.4), some have been 

investigated in pairs (Csercsa et al., 2019). Schuwirth et al. (2016) created a model to 

disentangle the effects of biotic interactions and environmental factors on predicted community 

compositions. In addition, Shipley et al. (2022) integrated dispersal into traditional species 

distribution models to make individual predictions for dispersal-limited and non-dispersal 

limited species. However, testing the influence of the combined effect of the three factors during 

recolonisation patterns in the field is crucial to understand the effects of stream restoration on 

benthic invertebrates. Despite this, studies combining all three factors are lacking. Studying 

recolonisation patterns requires the observation of successional community development 

following restoration. Unfortunately, the assessment of restoration success is often only based 

on a space for time approach, e.g., comparing restored to natural and/or degraded sites, with the 
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main goal of finding an increase in biodiversity in the restored site or at least a convergence of 

the reference and the restored sites (Winking et al., 2016; Lin et al., 2022). Spatial differences 

are only ‘snapshots’ of the current streams conditions and fail to demonstrate temporal patterns 

within the communities. Other studies only record short-term recovery, within one year after 

stream restoration (Winking et al., 2016; Baho et al., 2021). For example, Baho et al. (2021) 

found former culverts to be rapidly colonised by benthic invertebrates 9 month after they were 

opened up. Restoration success was recorded for up to five consecutive years (e.g., Friberg et 

al., 1998; Louhi et al., 2011). However, community composition recovery is a slow process and 

can take more than a decade (Lorenz, 2021). Hence, while short-term studies inform us about 

the composition of pioneer communities, they disregard the continuous habitat development 

and maturation of established communities (Winking et al., 2016; Baho et al., 2021; de 

Donnová et al., 2022) and the potential time lag caused by negative resistance and resilience 

(Barrett et al., 2021). Long-term studies incorporating large temporal gaps between samplings 

are also problematic (e.g., Muotka et al., 2002), because short-term effects from floods or 

droughts cannot be disentangled from the restoration effect. The investigation of more extensive 

and consecutive long-term data is therefore crucial to unravel the complex drivers of 

community recovery. 

2.6 Aim of this thesis 

The recovery process of benthic invertebrate communities is expected to follow a predictable 

pattern after stream restoration. Benthic invertebrate recovery is driven by a complex interplay 

of dispersal, as well as environmental and biotic interaction filters. A better understanding of 

these processes is necessary to explain limited biotic responses following stream restoration 

efforts. This requires detailed spatial and temporal data. The initial recolonisation of the Boye 

catchment was analysed by Winking et al. (2014, 2016). Since then, the same sites were 

sampled annually for their benthic invertebrate community. With the help of the time-series 

data collected in the Boye catchment, this thesis aimed to investigate recolonisation patterns of 

benthic invertebrates, with special emphasis on concepts predicted in the ARC, regarding the 

role of dispersal, environmental filtering and biotic interactions. More specifically this thesis 

aimed at: 

(1) Investigating the changes in benthic invertebrate communities over time during the 

recovery in the previously nearly uninhabitable Boye catchment and identify the 

environmental drivers associated with these changes 
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(2) Analysing how community indices for dispersal capacity, tolerance and interspecific 

competition change during recovery from hydromorphological restoration  

(3) Determining the roles of dispersal, environmental filtering and competition for 

community assembly during different phases of recovery from hydromorphological 

restoration  

2.7 Characteristics of the Boye/ Emscher catchment 

 

Figure 2: Map of the Boye catchment. Its location is marked on the Map of Germany (bottom 

left) and the Emscher catchment (top right). The map of the Boye catchment includes the major 

land uses (merged from CORINE and InVeKos), displayed in different colours: urban (grey), 

agriculture (yellow), forest (green). The pumping stations are displayed as black triangles 

(EGLV).  

The strong habitat degradation of urban streams makes them an ideal testing ground to identify 

the effects of stream restoration and investigate the patterns of recolonisation. The analyses in 

this thesis focus on the Boye catchment which is located in the Ruhr Metropolitan Area of 

Western Germany, between Bottrop and Gladbeck (Figure 2). It is the second largest tributary 

of the larger Emscher catchment which flows into the river Rhine. The Boye catchment drains 

an area of 77 km², with its downstream section being dominated by urban infrastructure, while 

the upstream section is mainly influenced by agriculture and forest land use. All streams within 

the Boye system are characterised as sand dominated lowland streams (Type 14, Gellert et al., 

2015). During industrialisation, the population density within the catchment increased and a 

solution was needed to transport sewage. Historic mining activities in the area resulted in land 
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subsidence which made it impossible to build underground sewers. Consequently, the Boye and 

most of its tributaries were changed into open sewer channels with concrete beds, which 

transported sewage for almost a century. At the end of the 20th century, mining activities ended 

and an underground sewage system was built, marking the starting point of a large-scale 

restoration project which comprised the complete Emscher catchment (Gerner et al., 2018). The 

Boye catchment was gradually released from wastewater and restored, which mainly entailed 

the removal of the concrete beds and bank reinforcements. If possible, the streams were given 

more space to develop a meandering structure. The riparian vegetation was left to natural 

succession. However, the land subsidence that resulted from the mining history cannot be 

reversed and limits the extent of hydromorphological restoration measures. At one section of 

the Boye, this limit was overcome, by relocating the stream 1km to the north, before 

reconnecting it to the main stem. This allowed the restored stream section to develop more 

naturally (EGLV, 2019). Another problem of the land subsidence is that it is impossible for 

some stream sections to naturally connect to each other. Hence, pumping stations were installed 

at several locations in the catchment to either uplift the water, before pumping it into the next 

stream section, or to remove water from settlements and pump them into the underground 

sewage system (EGLV, 2021). Thus, despite the completion of morphological restoration of 

the Boye catchment in 2022 and the termination of wastewater input, it still suffers from 

hydrological alterations.  

  



3 Published and submitted articles 

17 

3 Published and submitted articles 

The objectives of this thesis were thoroughly addressed in three separate articles. Two of which 

were published in peer-reviewed journals and one was published as a preprint:  

Chapter 1: Gillmann, S.M., Hering, D. & Lorenz, A.W. (2023). Habitat development and 

species arrival drive succession of the benthic invertebrate community in restored urban 

streams. Environmental Sciences Europe 35, 49. https://doi.org/10.1186/s12302-023-00756-x 

Chapter 2: Gillmann, S.M., Lorenz, A.W, Kaijser, W., Nguyen, H.H., Haase, P. & Hering, D. 

(2024a). How tolerances, competition and dispersal shape benthic invertebrate colonisation in 

restored urban streams. Science of The Total Environment, 929. 

https://doi.org/10.1016/j.scitotenv.2024.172665. 

Chapter 3: Gillmann, S.M., Schuwirth, N., Lorenz, A.W. & Hering, D. (2024b). Contributions 

of source populations, habitat suitability and trait overlap to benthic invertebrate community 

assembly in restored urban streams (p. 2024.07.01.601525). bioRxiv. (preprint) 

https://doi.org/10.1101/2024.07.01.601525  

The included articles, published in their respective journals’ layout, have been provided with 

additional page numbers consistent with their positioning in the text of this thesis. A declaration 

of author contributions succeeds each article. 
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4 General Discussion 

4.1 Summaries of each chapter 

The research conducted in this thesis investigated the influence of dispersal, tolerances and 

competition on recolonisation processes of benthic invertebrates. The first chapter presented a 

general overview of the patterns of recolonisation following stream restoration, identifying the 

main environmental drivers. Afterwards, the second and third chapter provided a more detailed 

examination of the mechanisms underlying the recolonisation process. These chapters showed 

how the influence of dispersal, tolerances and competition changes throughout the recovery 

process, varying over time and during different stages of recovery. Summaries of each chapter 

are provided in the following.  

In the first chapter (Gillmann et al., 2023), the general recolonisation patterns of benthic 

invertebrates were analysed, using abiotic and biotic time-series data collected in 10 

consecutive years in restored sites of the Boye catchment. In line with other studies (e.g., 

Lorenz, 2021), the benthic invertebrate community recovered and stabilized approximately 

eight years after restoration. Habitats changed from open and gravel dominated, to shaded and 

sand dominated, which was mirrored by a shift in the corresponding benthic invertebrate 

community. For example, the good dispersing Mayfly Cloeon dipterum and several 

Coleopteran species were part of the pioneer community, but their abundances quickly 

decreased over time and other species arrived which preferences suited the developing habitats. 

Thus, community changes were closely linked to the time since restoration and associated 

habitat development (Verdonschot et al., 2016). In addition, riparian woody vegetation 

encroachment over time drove in-stream habitat diversification, supporting species that rely on 

the allochthonous input of organic matter for food and case building (Palt et al., 2023). Some 

communities experienced a shift in their composition in response to a severe drought; however, 

they rapidly recovered to previous conditions. This demonstrates that established communities 

are more resilient to short-term disturbances (Lake, 2000). These results showed that diverse, 

stable communities can develop even in previously heavily degraded streams. Time and habitat 

development are major factors determining community assembly.  

In the second chapter (Gillmann et al., 2024a) the assumption of the Asymmetric Response 

Concept (ARC, Vos et al., 2023) that the importance of the three filters (dispersal, tolerance, 

competition) changes predictably over time was tested. The analysis was based on similar time-

series data as in the previous chapter. Indices were calculated for each of the three filters to 

analyse their change over time. The communities’ dispersal capacity, decreased over time; 
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pioneer communities consisted of good dispersing generalists and were later joined by slow 

dispersing specialists. Similarly, the proportion of pollution-tolerant taxa decreased, being 

replaced by pollution-sensitive taxa. In contrast, no temporal changes of the tolerance toward 

chloride were observed. Lastly, interspecific competition, measured as trait overlap, increased. 

The results suggest that dispersal is important for initial colonisation processes, while ongoing 

improvements of water quality likely led to colonisation of more sensitive species. On the other 

hand, chloride tolerance was not important, possibly because occurring species were generally 

tolerant towards salinity, due to the sewage history of the Boye system. The increase in 

competition was most likely linked to increasing species numbers over time, resulting in higher 

similarities between species preferences. This study generally supported the hypotheses of the 

ARC. However, the decrease in tolerance towards organic decomposition contrasted the 

expectation that stressors are only important prior to recovery. This indicates that prevailing 

stressors, such as organic pollutants were still present after restoration. Consequently, they 

continued to influence the benthic community in the recovering system.  

In the last chapter (Gillmann et al., 2024b) a site- and species-specific analysis was conducted, 

to challenge the assumptions of the ARC in regard to the role of the three recolonisation filters 

(dispersal, tolerance and competition) during different phases of recovery. Compared to the 

previous analysis the dataset comprised only one year of sampling, but included more detailed 

information on source populations to quantify the dispersal filter and additional abiotic factors 

for the tolerance filter, e.g., substrate cover, which were compared to the species’ preferences 

(habitat suitability). The role of the three filters was compared between ‘unimpacted’ (never 

restored), ‘recently restored’ (< 4 years) and ‘mature restored’ sites (> 10 years). The benthic 

communities of ‘recently restored’ sites differed from all other sites. The dispersal filter had the 

most prominent effect on ‘recently restored’ sites, and a smaller effect on ‘mature restored’ 

sites. The environmental filter was most important at ‘unimpacted’ sites, less important at 

‘mature restored’ and least important at ‘recently restored’ sites. Lastly, the biotic interaction 

filter, i.e., competition, had no effect on any of the site groups. These results supported the 

dispersal filter to be most important during early recovery, while environmental filtering gained 

significance over time. Unexpectedly, competition was not important for community assembly, 

contrasting the results from chapter two. Trait overlap may not be sufficient to determine the 

role of competition for recolonisation processes. Taxa with similar traits might be able to co-

exist within a stream reach, if enough resources are available. On the other hand, they might be 

competing for space and food on the microhabitat scale, which would not be visible in presence/ 

absence data. Differences in abundance could therefore help to gain further insights. 
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4.2 Long-term community recovery 

Outside the scope of this thesis, additional studies investigated the benthic invertebrate 

community of the Boye catchment (Pimentel et al., 2024; Schlenker et al., 2024). Schlenker et 

al. (2024) analysed the change in food web composition of benthic invertebrates, using similar 

time-series data, as the ones in chapter one and two (Gillmann et al., 2023, 2024a). Pimentel et 

al. (2024) used a mesocosm approach to analyse the influence of reduced flow velocity and 

enhanced salinity on benthic invertebrates that originated from the Boye catchment. The Boye 

catchment is exemplary for the recovery section of the ARC (Vos et al., 2023). To gain 

information on the degradation section of the ARC, temporal changes in community 

composition of the Kinzig catchment were analysed (Nguyen et al., 2023a, 2023c, 2024; 

Schürings et al., 2024; Kaijser et al., 2024). The Kinzig catchment covers a degradation 

gradient, including sites that are near-natural or impacted by urban and agricultural land use. 

Two studies were focussed on trends of the benthic invertebrate community in the Kinzig 

catchment alone (Nguyen et al., 2023a, 2023c), while the others included both, the Boye and 

Kinzig catchment in their analysis (Kaijser et al., 2024; Nguyen et al., 2024; Schürings et al., 

2024). Nguyen et al. (2024) used time-series data to analyse the change in community 

composition, in relation to changes in land use, runoff, precipitation and evaporation and 

compared them between the Boye- and Kinzig catchment. Schürings et al. (2024) extended the 

analysis on interspecific competition, conducted in chapter two (Gillmann et al., 2024a) to a 

nationwide dataset, to analyse the relevance of competition in recovering and degrading 

systems. Their dataset on recovering systems included the time-series data from the Boye 

catchment, also used in chapter two (Gillmann et al., 2024a), while the degrading systems 

included time-series data on the Kinzig catchment. Kaijser et al. (2024) used data, sampled at 

both, the Boye- and Kinzig catchment, in 2021 and 2022, to analyse the dependence of benthic 

community structure to gradients of chemical stressors. These additional studies addressing the 

Boye- and/or the Kinzig catchment have important implications for the results presented in this 

thesis. In the following, the findings from these studies are discussed in respect to the findings 

from this thesis and the assumptions of the ARC.  

The ARC states that community assembly in systems, impacted by anthropogenic pollution 

such as the Kinzig catchment is mainly determined by species tolerances (Vos et al., 2023). On 

the other hand, recovering systems, such as the Boye catchment, are influenced by the interplay 

of dispersal, tolerances and competition. The importance of each of these factors is expected to 

change over time (Vos et al., 2023). Indeed, the changes in the benthic communities at sites in 

the Kinzig catchment (degradation section) were mainly driven by changes in natural and 



4 General Discussion 

107 

anthropogenic stressor intensity (Nguyen et al., 2024). For example, upstream sites showed 

larger improvements than downstream sites, due to better water quality upstream and stressors 

accumulating downstream (Nguyen et al., 2023a). Consequently, downstream benthic 

communities were characterised by pollution-tolerant species, while pollution-sensitive species 

were mainly present at the upstream sites. Long-term trends in the benthic invertebrate 

communities were generally associated with changes in water temperature, land use and runoff 

(Nguyen et al., 2023c). Compared to the Kinzig catchment, the communities in the recovering 

Boye catchment exhibited a greater potential for development, due to physicochemical and 

hydromorphological restoration. They showed more pronounced improvements, due to rapid 

colonisation of benthic invertebrates following restoration (Gillmann et al., 2023; Nguyen et 

al., 2024). Community development was closely linked to the time since restoration, during 

which species numbers gradually increased (Gillmann et al., 2023). While general community 

improvement was linked to water quality improvement, increase of woody riparian cover 

(Gillmann et al., 2023) and a shift in land use (Nguyen et al., 2024), initial colonisation was 

governed by good dispersing species (Gillmann et al., 2023). Over time, community dispersal 

capacity declined (Gillmann et al., 2024a). Similarly, the distance to source populations was 

most important for taxa occurring at ‘recently restored’ sites (Gillmann et al., 2024b). Hence, 

all three chapters of this thesis, showed that dispersal is the most important factor during initial 

recovery, supporting the ARC. However, the distance to source populations was still important 

at ‘mature restored’ sites and community dispersal capacity decline was only moderate. Thus, 

dispersal appears to remain important over longer timeframes, instead of rapidly declining as 

suggested in Figure 1 (Section 2.4).  

Although the ARC assumes species tolerances to not play a role during phases of recovery, 

water quality improvement facilitated the arrival of more sensitive species in the Boye 

catchment (Gillmann et al., 2024a). Conductivity decreased over time, but there was no change 

in the communities’ chloride tolerance (Gillmann et al., 2023, 2024a). While other ions may 

have been responsible for high conductivity in the streams, mesocosm experiments 

demonstrated that benthic invertebrates, originating from the Boye catchment, were not affected 

by salinisation (Pimentel et al., 2024). The history of sewage and mining activities in the Boye 

catchment may have resulted in chloride-tolerant species assemblages (‘stressor legacy’, 

Jackson et al., 2021), which stabilise over time (Gillmann et al., 2023). This is further supported 

by Kaijser et al. (2024), who identified community composition to strongly respond to changes 

in conductivity. These results demonstrate that stressors and corresponding tolerances are still 

important during recovery, if the water quality remains impaired. Water quality cannot be 

expected to return to natural conditions in an instant, even after the main source of pollution 
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has been removed. If the pollutants have settled in the stream sediment, they are continuously 

washed out due to erosion, causing a retardation of water quality improvement (Glaser et al., 

2020). However, the role that these tolerances play for community assembly differs between 

stressors and depends on stressor intensity. In addition to tolerance toward stressors, tolerances 

include the species’ preferred substrate type. As a result from stream restoration, the instream 

habitats change and mature over long timeframes (Gillmann et al., 2023). Therefore, natural 

changes of the streams’ surroundings, such as an increasing cover of woody riparian vegetation, 

can further improve habitat conditions to support more sensitive species assemblages (Gillmann 

et al., 2023, 2024a, 2024b). A similar pattern was observed at the upstream sites in the Kinzig 

catchment, where already small water quality improvements and forest land use led to more 

pollution-sensitive species (Nguyen et al., 2023a). Therefore, increasing habitat quality and 

stability eventually results in specialised community assemblages (Gillmann et al., 2024b).  

According to the ARC, during recovery, the role of biotic interactions for community assembly 

increases over time (Vos et al., 2023). In this thesis, biotic interactions were analysed in terms 

of interspecific competition (i.e., trait overlap) in chapter two and three (Gillmann et al., 2024a, 

2024b). In the second chapter, competition was found to increase over time (Gillmann et al., 

2024a), which correlated with the increase in species richness, described in the first chapter 

(Gillmann et al., 2023). A similar trend was observed in other recovering catchments (Schürings 

et al., 2024). Similarly, Nguyen et al. (2024) observed smaller increases in trait than in 

taxonomic composition, indicating the overlap between traits of newly arriving and already 

occurring species. These results were contrasted by the findings in chapter three, where trait 

overlap did not determine species occurrence (Gillmann et al., 2024b). Treating the degree of 

trait overlap as measure for competition might be too simple, to grasp the complex interactions 

between species. The accumulation of species with similar traits could be the result from habitat 

development and stabilisation. Species that are suitable for the given conditions arrive over time 

and, if resources are not limited, coexist within the respective stream reach (Little and 

Altermatt, 2018). This is supported by findings from Schlenker et al. (2024), who identified 

trophic similarity to be correlated to the increase in trait overlap, indicating that the co-occurring 

species coexist in similar niches. Consequently, competition does not necessarily prevent 

species with similar traits to colonise the streams (competitive exclusion). Species numbers in 

the Boye catchment were still low (~30 species per site), compared to near-natural catchments 

(~50 species per site) (Lorenz, 2021). Therefore, enough niches could still be available for 

different species to occur, before resources become limited. Competitive exclusion could, 

however, act on the microhabitat scale. For example, introduction experiments showed 

competitive exclusion in single patches within streams. Here, recolonisation success depended 
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on the order of arrival (priority effects), competitor identity and the size of the individuals 

(Eglesfield et al., 2023; Hart, 1983). Additionally, competitive exclusion may occur over much 

longer timeframes than those observed in this study (Yackulic, 2017). The onset of such 

processes may already be visible in the population density, which was not included in the 

second and third chapter. The results show that the role of competition for community assembly 

should be analysed more thoroughly, which leads to the conclusion that there is still much to 

recover in this emerging field of science.  

5 Outlook and Conclusions  

5.1 Future research 

The research conducted in this thesis significantly advances the understanding of recolonisation 

patterns and the corresponding filters following stream restoration in urban systems. Long-term 

observations revealed that the benthic community recovered within ten years, despite the 

history of heavy organic pollution. Recovery was driven by the succession of riparian 

vegetation and corresponding habitat development. After stable communities developed, they 

became resilient and recovered quickly from short-term disturbances such as drought (Gillmann 

et al., 2023). This observation highlights the importance of long-term data for monitoring 

restored streams. Short-term disturbances can mask restoration effects if not consecutively 

monitored, which is particularly relevant in the context of climate change, causing extreme 

weather events to occur more frequently. Only consecutive long-term data, collected over many 

years, allows to observe the complex patterns of metacommunity assembly during the process 

of recovery. This can help to improve management efforts and reveals, whether communities 

could indeed recover, or recovery is prevented by biotic misfunctions or the presence of abiotic 

pressures. The increasing frequency of heatwaves, resulting in drought, further raises the need 

to investigate the patterns of recolonisation after complete streambed drying. The mechanisms 

of recovery may differ from those, following stream restoration, which could be important to 

predict how benthic communities will cope under future conditions.  

During recovery, the benthic community followed a specific pattern that was mostly in line 

with the assumptions of the ARC. In all chapters the importance of dispersal and environmental 

improvements for successful recovery of benthic invertebrate communities was highlighted. 

Patterns of interspecific competition, however, were contradicting, raising the need for different 

methods to quantify competition and the role of competitive exclusion for community 

assembly. As described in section 4.2, the use of trait overlap alone does not seem to be 

sufficient to estimate the degree of competition between species. Many species are not restricted 
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to one food source or one habitat but have preferences for different food sources and habitats; 

hence, trait overlap does not necessarily mean that they compete with each other within a stream 

reach. Even if co-occurring species rely on similar resources, these are not necessarily limited 

within the stream reach. Instead, competitive exclusion was suggested to play a role on the 

microhabitat scale, making it necessary to study community dynamics within single patches of 

a stream (Eglesfield et al., 2023). A possible consequence of competition is the decreasing 

abundance of the weaker competitor. Thus, a small-scale investigation of single stream patches 

could possibly be avoided by analysing changing abundances of co-occurring species with 

similar preferences over time. This might provide a more realistic representation of competitive 

interactions. Including isotopic methods to measure the trophic similarity between potentially 

competing species could further enhance the results, because high competition pressure could 

force one of the competitors to switch food sources. 

In chapter three of this thesis (Gillmann et al., 2024b), a space for time approach was used to 

compare the role of each colonisation filter between stages of recovery. This study could be 

extended by including upstream dispersal into the analysis, because merolimnic species are 

known to compensate for downstream drift by active upstream dispersal (Kopp et al., 2001). 

Additionally, the main study sites are part of an annual monitoring program, making it possible 

to include the community composition of the following years in further analyses. These could 

be used to investigate whether species originating from distant population sources migrate into 

the restored sites over time. The distance to population sources could further be related to the 

different dispersal capacities, to test the assumption that good dispersers reach distant sites more 

quickly than weak dispersers. 

This thesis mainly focussed on a single aquatic organism group of a single urban stream 

catchment, which has the special history of being used as open sewer for almost a century. 

Therefore, the patterns of benthic invertebrate recolonisation, observed in this thesis, are likely 

to differ from those in more natural catchments and without an extreme pollution history. For 

example, catchments colonised by more species-rich communities might be more resistant or 

resilient to recolonisation. The methods used here should therefore be extended to other restored 

catchments. In addition, the mechanisms acting during recolonisation should be tested for other 

biotic indicators, e.g., phytobenthos and fish, as they might have different requirements for 

successful recovery.  
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5.2 General conclusions 

The results presented in this thesis demonstrate that even streams that have been heavily 

degraded, with a history as open sewer, can recover and support stable, diverse benthic 

communities. The recolonisation processes followed a distinct pattern, with dispersal and 

environmental improvements being most important. These findings are especially relevant for 

urban streams, because recolonisation patterns will likely differ from those in more natural 

catchments. Restoration efforts of urban streams are often limited to the available space, 

restricted by anthropogenic structures, and by prevailing stressors. Additionally, source 

populations are often more limited, compared to catchments surrounded by grassland and forest 

land use. To overcome these challenges, future planning of conservation and restoration 

strategies of urban streams should consider the recovery trajectories, proposed by the ARC; 

with primary focus on maintaining or improving the local habitat, while considering potential 

dispersal pathways. The recolonisation patterns, observed in this thesis, can help stream 

managers, to determine the recovery status of urban streams and to identify barriers that 

interrupt the recolonisation processes.  
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