
 

 

 University of Groningen

Emergent properties of bio-physical self-organization in streams
Cornacchia, Loreta

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2018

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Cornacchia, L. (2018). Emergent properties of bio-physical self-organization in streams. [Thesis fully
internal (DIV), University of Groningen]. Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/612799da-932a-451e-aebb-ad676e974095


 

Chapter 1 

General introduction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

All interactions between species and their abiotic environment, as well as between 
species themselves, occur in a spatial setting. Due to the complexity of integrating 
the spatial context of species interactions, early theoretical models generally 
focused on presumed mean field conditions, ignoring the spatial heterogeneity that 
is prevalent in many populations (Lotka 1926; Volterra 1926). However, no 
community is truly homogeneous as assumed in these classical studies. This 
became soon apparent in the famous experiments by Gause (1932), showing that 
two species competing for the same resource cannot coexist in laboratory 
conditions if other ecological factors are constant, while they would persist in 
natural habitats. Later, Huffaker (1958) showed that coexistence was not possible 
in small homogeneous habitats, but was promoted in spatially complex habitats. 
Since then, there has been growing interest in the field of spatial ecology (Levin 
1992; Tilman and Kareiva 1997). The importance of spatial processes and 
heterogeneity has been recognized in theoretical models or empirical studies on 
annual plants (Hutchinson 1953; Levin 1970; Koch 1974; Armstrong and 
McGehee 1976; Holt 1984; Tilman 1994; Amarasekare 2003). By providing 
multiple niches and diverse ways of exploiting environmental resources, 
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structurally complex physical habitats increase species diversity (MacArthur and 
MacArthur 1961). Hence, spatial heterogeneity can provide a solution to the 
paradox of the plankton, where hundreds of species can grow and coexist on only 
a few limiting resources (Hutchinson 1961). 

 Along with the recognition of the importance of spatial heterogeneity, a 
closely related topic in spatial ecology is the spatial structure of organisms and 
communities. That is, understanding the spatial organization in the distribution of 
organisms and what determines it. Classical ecological theory assumes that abiotic 
conditions determine the distribution of organisms (Clements 1916), for instance 
following underlying gradients in environmental stress (Colman 1933; Stephenson 
and Stephenson 1949). However, it was noted already by Darwin (1881) that 
species themselves can in turn influence abiotic conditions. Through time, this 
topic has received increasing attention, and different terms have been suggested to 
indicate the role of organisms that can modify the abiotic environment and species 
distributions (Ellison et al. 2005). One of the most general terms to indicate 
organisms that can modify their physical environment is ecosystem engineers 
(Jones et al. 1994). Ecosystem engineers cause physical changes in biotic or abiotic 
material through their action (allogenic engineers, like beavers) or through their 
own physical structure (autogenic engineers, like forest trees, submerged 
macrophytes and corals) (Jones et al. 1997). Some examples of ecological effects 
of ecosystem engineers are modulation of abiotic forces or concentration of 
resources (Jones et al. 1994). By modifying the environment, ecosystem engineers 
can also make it more suitable for other species in a community. In this way, 
ecosystem engineering can lead to facilitation for other species (Wright et al. 2002; 
Bruno et al. 2003; Borthagaray and Carranza 2007; Brooker et al. 2008; McIntire 
and Fajardo 2014), as will be discussed in the next chapters. 

Spatial self-organization 

Many engineering organisms can have such a strong effect on their environment 
that they lead to the emergence of striking spatial patterns in species distributions, 
through the process of self-organization (Rietkerk and Van de Koppel 2008). 
Here, the organisms create positive feedbacks for their own survival or growth 
(Wilson and Agnew 1992). When positive feedbacks are linked to a negative 
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feedback at somewhat larger scales (Lejeune et al. 1999; van de Koppel et al. 2005), 
this can lead to the formation of spatial patterns, even in the absence of underlying 
environmental heterogeneity. Both the mechanism and implications of self-
organized spatial patterns for ecosystems will be discussed in more detail in the 
following paragraphs. 

 Scale-dependent feedbacks have been proposed as an explanatory principle 
for the occurrence of patterning in many different systems (Rietkerk and Van de 
Koppel 2008), both biological and physical. There, a local positive feedback due 
to stress reduction or resource concentration promotes growth, but a large-scale 
negative feedback of increased stress or depleted resources limits their further 
expansion or growth. This mechanism of regular pattern formation is largely based 
on the activator-inhibitor principle, which was first proposed by Turing in 
chemical systems (Turing 1952). Self-organized patterns have important 
implications for the ecological functions of these ecosystems, but also for their 
persistence and stability against stress and disturbance (Rietkerk et al. 2004b; 
Pringle et al. 2010; Liu et al. 2014; de Paoli et al. 2017). Moreover, with the current 
rates of global change and human alteration of natural ecosystems (Houghton et 
al. 2001), they may be exposed to increasingly stressful environmental conditions. 
Hence, understanding both the mechanisms and the emergent effects of self-
organization is essential for adequate management and conservation of these 
diverse and ecologically valuable ecosystems. 

Self-organization in biology  

Self-organization is increasingly recognized as an important regulating process in 
many ecosystems where organisms interact with their environment (Rietkerk and 
Van de Koppel 2008). Examples of self-organization in nature range from arid 
systems (Klausmeier 1999; von Hardenberg et al. 2001; Rietkerk et al. 2002), to 
mussel beds (van de Koppel et al. 2005; Liu et al. 2014), diatoms on tidal flats 
(Weerman et al. 2010) and peatlands (Swanson and Grigal 1988; Rietkerk et al. 
2004a). Many studies of self-organization in biology have focused on the emergent 
properties of self-organized spatial patterns in terms of ecosystem functioning and 
stability (van de Koppel et al. 2005; Solé and Bascompte 2006; Scheffer et al. 2009; 
Pringle et al. 2010; Liu et al. 2012). For instance, spatial patterns increase 
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productivity of mussel beds, compared to homogeneously distributed mussels (van 
de Koppel et al. 2005). In arid systems, patterned vegetation can concentrate and 
optimize water resources, increasing primary productivity (Pringle et al. 2010) and 
allowing vegetation to survive under aridity conditions that would otherwise be 
too stressful for its growth (Rietkerk et al. 2002). Self-organization is also predicted 
to promote species coexistence, increasing biodiversity (Nathan et al. 2013). 
Finally, spatial patterns affect ecosystem stability in various ways. On one hand, 
they increase the resilience of ecosystems to disturbance (Pascual and Guichard 
2005; van de Koppel et al. 2005; Liu et al. 2014; de Paoli et al. 2017). On the other 
hand, patterned ecosystems are more vulnerable to sudden dramatic shifts towards 
an alternative, degraded ecosystem state once a tipping point in environmental 
stress is exceeded (Scheffer et al. 2001; Rietkerk et al. 2004b; Kéfi et al. 2010). 

 Despite the abundance of studies on self-organized patterning in natural 
ecosystems, most of the emergent effects of self-organization known so far focused 
on the biological properties, such as enhanced productivity or resilience to 
disturbances (van de Koppel et al. 2005; Pringle et al. 2010). While physical 
processes are often crucial and accounted for in these works, the biophysics of the 
system tend to be simplified (Rietkerk et al. 2002; van de Koppel et al. 2005). 
Consequently, the potential emergent effects of self-organization in terms of 
physical properties are generally overlooked. 

Self-organization in geoscience 

Despite of its prevalence in biological theory, self-organization is not as prevalent 
as a theoretical framework in geophysical studies (Rinaldo et al. 1993; Rigon et al. 
1994; Rodríguez-Iturbe and Rinaldo 2001; Baas 2002). Organisms are considered 
mostly as a source of flow resistance. Benthic organisms (plants and animals) are 
generally assumed to increase surface roughness and dissipate energy of air or 
water flows (Corenblit et al. 2011), reducing flow speeds and promoting sediment 
deposition (Stallins and Parker 2003). For this reason, vegetation in fluvial and 
coastal environments (e.g. freshwater streams, dunes, marshes) is often 
parameterized through flow resistance (Nardin and Edmonds 2014), or as 
variations in bottom shear stress (D'Alpaos et al. 2005). Because it is regarded as 
a relatively static entity that does not grow or expand dynamically over time 
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(Marjoribanks et al. 2016), the effects that physical forcing in turn has on 
vegetation growth tend to be ignored. Field surveys (Cotton et al. 2006; Wharton 
et al. 2006) and models (Naden et al. 2006) started to account for changes in flow 
resistance due to seasonal variations in vegetation cover, but did not fully 
incorporate the two-way interactions. Hence, while the importance of biota for 
geomorphic processes has been increasingly recognized (Hickin 1984; Dietrich 
and Perron 2006; Corenblit et al. 2011), the existence of potential bio-physical 
feedback mechanisms and of emergent properties in relation to self-organization 
remains underexplored. 

 However, a few examples of models that include the reciprocal bio-physical 
interactions exist. Temmerman et al. (2007) showed that the interplay of 
vegetation expansion and hydrodynamics drives channel erosion and steers marsh 
formation and evolution. A similar modelling approach on salt marsh channel 
initiation is found in Schwarz et al. (2014). Kirwan and Murray (2007) developed 
a model of tidal marsh evolution that couples sediment transport processes with 
changes in vegetation biomass, showing that vegetated platforms maintain their 
elevation relative to rising sea level. Other models on the interactions between 
geomorphic processes and vegetation growth have highlighted their effects on 
landscape evolution (Baas 2002; Collins et al. 2004; Istanbulluoglu and Bras 2005; 
Baas and Nield 2007). Except these few rare cases, there seems to be a disciplinary 
division where engineers mostly focus on how vegetation affects roughness and 
decreases physical flows (Kouwen and Unny 1973; Järvelä 2002), and ecologists 
look at how physical forcing affects vegetation growth (Puijalon and Bornette 
2006), morphology (Puijalon and Bornette 2004; Puijalon et al. 2005) and species 
composition (Riis and Biggs 2003; Franklin et al. 2008). To date, this remains a 
clear limitation of our understanding of the dynamic, two-way feedbacks between 
biological and physical processes. 

Why are two-way interactions important for the emergent 
properties of ecosystems? 

Interactions between biota and the landscape in which they live occur in a wide 
range of ecosystems (Dietrich and Perron 2006; Corenblit et al. 2011). Yet, it is 
unknown if the self-organization process arising from this interaction in turn has 
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emergent effects on both a) physical and b) biological properties such as species 
interactions and biodiversity (Gilad et al. 2004). This knowledge gap is important 
because physical forcing is in itself an important control on biology (Corenblit et 
al. 2011), and can affect the emergent properties for the whole ecosystem. Physical 
forcing can determine the growth, expansion, community composition and 
structure of organisms (Franklin et al. 2008). Hence, without accounting for these 
dynamical interactions, our understanding of the ecosystem will be incomplete, 
and any prediction on the emergent properties of spatial patterns will be uncertain 
or unsupported (Liu et al. 2012). This aspect of the two-way interactions between 
biological and physical processes was studied using stream aquatic macrophytes as 
model system. 

The model system: submerged aquatic macrophytes in streams 

Effects of macrophytes on hydrodynamics and sedimentation 

Submerged aquatic macrophytes are important foundation species in rivers and 
streams (Carpenter and Lodge 1986). They act as ecosystem engineers (Jones et al. 
1994) and contribute to the functioning of fluvial ecosystems. They are a 
fundamental component of nutrient cycles, geochemical patterns and processes in 
rivers; they naturally purify water and soil, and provide food and refuges for many 
other species (e.g. fish, invertebrates) (Haslam 1978; Franklin et al. 2008). 
Macrophytes tend to grow aggregated into well-defined stands due to their 
interaction with water flow (Figure 1.1), leading to a pseudo-braided distribution 
on the scale of a stream reach (Dawson 1989; Sand-Jensen and Vindbœk Madsen 
1992; Cotton et al. 2006). The interaction between hydrodynamics and individual 
patches of submerged aquatic macrophytes has been intensively studied (Sand-
Jensen and Mebus 1996; Sand-Jensen 1998; Sukhodolov and Sukhodolova 2009). 
Flow velocities are locally reduced within the macrophyte patches, and accelerated 
outside of the patches (Schoelynck et al. 2012). Besides their effects on 
hydrodynamics, submerged macrophytes also locally increase sedimentation 
(Madsen et al. (2001); Figure 1.2). Sedimentation occurs both directly through 
effects on reducing water velocity, or indirectly through collision with leaves 
(Sand-Jensen 1998; Schulz et al. 2003; Hendriks et al. 2008; Peralta et al. 2008). 
Hence, aquatic macrophytes promote the deposition of finer, nutrient-rich 
sediment within their patches (Cotton et al. 2006; Wharton et al. 2006).  
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Figure 1.1: Patchy distribution of submerged freshwater macrophytes. (A) Patches of 
Veronica anagallis-aquatica (photo by Sofia Licci). (B – D) Stream reaches dominated by 
Callitriche platycarpa. 

 

Effects of hydrodynamics and sedimentation on macrophytes 

While aquatic macrophytes have strong effects on hydrodynamics and 
sedimentation, hydrodynamics and sedimentation also have important effects on 
macrophyte communities (Franklin et al. 2008). Currents and drag resulting from 
currents impose a mechanical stress that reduces plant growth (Puijalon et al. 
2011) or establishment, by increasing the risk of plant uprooting at higher 
velocities (Riis and Biggs 2003). Many macrophyte species show high phenotypic 
plasticity and altered morphology in response to mechanical stress. For instance, 
plastic responses include size reduction with increasing hydrodynamic forces 
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(Puijalon and Bornette 2004; Puijalon et al. 2005; Puijalon and Bornette 2006), or 
adopting tolerance strategies in response to currents (Puijalon et al. 2011). 

 

Figure 1.2: Submerged aquatic macrophytes in streams. (A) Patches of flexible submerged 
macrophytes bend down towards the stream bed when exposed to currents. (B) Fine 
sediment accumulation within vegetation patches. Photos by Sofia Licci. 

 

 Hydrodynamics can also lead to positive effects on macrophytes. Increased 
flow velocities and turbulence reduce the thickness of the boundary layer and can 
increase nutrient uptake rates (Thomas et al. 2000; Cornelisen and Thomas 2004; 
Morris et al. 2008; Bal et al. 2013). Moreover, hydrodynamics mediates the 
dispersal of seeds and vegetative fragments (hydrochory; Goodson et al. (2001); 
Goodson et al. (2003); Nilsson et al. (2010); Bornette and Puijalon (2011)). Next 
to direct hydrodynamic effects, sedimentation can also affect aquatic macrophytes 
(Madsen et al. 2001). The accumulation of finer, nutrient-rich sediment within the 
vegetation patches can be beneficial for plant growth (Madsen et al. 2001). On the 
other hand, high levels of organic matter accumulation have been found to become 
toxic for plants (Barko and Smart 1983). 

 With submerged macrophytes as a model system, I have examined the self-
organization process arising from hydrodynamic-vegetation interactions. This 
process was studied in 5 key research questions outlined below. 
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Outline of the thesis 

Self-organized spatial patterning in aquatic macrophytes results from the above-
mentioned interactions between vegetation growth, hydrodynamics and 
sedimentation. By focusing on these reciprocal interactions, I investigate the 
emergent effects of self-organization of aquatic macrophytes on river flow 
regulation, biological interactions and resource uptake in a number of chapters 
(Figure 1.3). In these studies, I combine field and laboratory flume experiments, 
field observations and mathematical models, at a variety of scales, from the 
macrophyte patch scale (1 – 3 m) to that of a stream reach (30 – 100 m). 

 
 

 
Figure 1.3: Diagram of the main research themes investigated in terms of self-organization 
and relation with the thesis chapters. 

 

Chapter 2) Does self-organization of aquatic vegetation regulate 
hydrological variables? 

Water flow velocities in rivers are a function of the balance between energy 
imposed by slope or discharge and the resistance imposed by the river bed. 
Conventional equations, relating discharge to flow velocity in a channel, assume 
vegetation cover to be static over time and presume a uni-directional effect of 
vegetation on water flow (Chow 1959). However, aquatic vegetation does not only 
influence water velocities, but is also controlled by it (Franklin et al. 2008; Bornette 
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and Puijalon 2011; Puijalon et al. 2011). There is insufficient understanding of the 
feedbacks operating within the self-organization process in streams and their 
implications for ecosystem functioning. Understanding how this feedback affects 
hydraulic resistance is a key question for water regulation in rivers. In particular, 
there is a trade-off between sustaining water levels in periods of low discharge 
while managing flood risk. 

RQ-chapter 2: How does self-organization, emerging from the two-way interaction 

between plant growth and flow redistribution, affect stream hydrodynamic 
conditions (flow velocities and water levels)? What are the implications for 
ecosystem functioning and services? 

In this chapter, combining mathematical modelling with an empirical study, I 
investigate whether aquatic macrophytes are able to regulate flow velocities and 
water levels under varying discharges, and the implications of this plant-driven 
self-organization process for ecosystem services in streams. 

 

Chapter 3) Does self-organization create a ‘landscape of 
facilitation’ through hydrodynamic heterogeneity? 

Environmental heterogeneity plays a crucial role in the coexistence of species 
(Hutchinson 1953; Levin 1970; Koch 1974; Armstrong and McGehee 1976; Holt 
1984; Tilman 1994; Amarasekare 2003). Yet, many ecosystems have limited abiotic 
heterogeneity but can still host a high number of species. As mentioned above, 
self-organization can create environmental heterogeneity, even if underlying 
abiotic conditions are homogeneous (Rietkerk and Van de Koppel 2008). Despite 
its importance in creating heterogeneity, it is still unknown whether self-
organization can promote species coexistence through facilitation. While studies 
of facilitation focus on interactions between species, they do so only at a local scale 
(within the patch of the facilitator) (Callaway 1995; Padilla and Pugnaire 2006) or 
assuming that interactions are homogeneous in space. Instead, studies of self-
organization consider these spatially-extended effects, but mostly focus on a single 
species. Thus, the link between self-organization and facilitation is still unclear. In 
streams, aquatic macrophytes with different morphologies increase hydrodynamic 
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heterogeneity (Kemp et al. 2000; Gurnell et al. 2006). But the consequences of 
such plant-driven heterogeneity for interspecific interactions have not yet been 
explored in experimental or theoretical studies. 

RQ-chapter 3: What is the link between self-organization and facilitation? How 

do scale-dependent feedbacks under self-organization affect species coexistence 
and diversity in streams? 

In this chapter, I hypothesize that self-organized pattern formation can create a 
‘landscape of facilitation’ that promotes plant species coexistence in streams, by 
providing new niches for species adapted to a wide range of hydrodynamic 
conditions. To test this hypothesis, I combined mathematical modelling with field 
observations of plant spatial aggregation and transplantation experiments. 

 

Chapter 4) Stress-divergence feedbacks, do they matter for 
facilitation of dispersal and retention? 

Divergence of physical stress such as water flow is a common mechanism 
underlying the self-organized, patchy distribution of foundation species in both 
fluvial (Schoelynck et al. 2012) and coastal (Van der Heide et al. 2010) aquatic 
ecosystems. Foundation species or ecosystem engineers create stable conditions 
for other species and provide much of the structure of a community (Dayton 1972; 
Jones et al. 1994), hence providing a facilitative interaction. However, despite their 
patchy distribution at the landscape scale, facilitation between species is usually 
studied at a local scale of individual patches (Callaway 1995; Padilla and Pugnaire 
2006), along physical gradients (Bertness and Callaway 1994; Bertness and 
Leonard 1997) or in a non-spatial context assuming homogeneous distribution of 
the facilitator (McKee et al. 2007; Chang et al. 2008; Peterson and Bell 2012; Van 
der Stocken et al. 2015). It is currently unknown how the two-way interactions 
between plants and water flow, leading to vegetation patchiness, in turn affect 
facilitation during species dispersal and colonization. 

 Retention of plant propagules by existing vegetation is an important 
bottleneck for macrophyte establishment in streams (Riis and Sand-Jensen 2006; 
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Riis 2008). Water flow is both one of the main dispersal vectors of plant propagules 
(Nilsson et al. 2010) and the stress factor that leads to vegetation patchiness 
(Schoelynck et al. 2012). Water flow stress is an important factor because it can 
change the vertical structure (canopy architecture) of the vegetation (Schoelynck 
et al. 2013); if vegetation becomes less of an obstruction due to bending as flow 
velocity increases, it might trap less propagules. Hence, we aim to study how this 
water flow divergence mechanism affects propagule retention, which would 
potentially benefit macrophyte colonization. 

RQ-chapter 4: How do stress-divergence feedbacks in aquatic vegetation affect 

macrophyte propagule retention during dispersal? What is their relative role, 
compared with hydrodynamic stress and propagule traits? 

In Chapter 4, I tested the hypothesis that feedbacks between vegetation and water 
flow, leading to self-organization, are essential for propagule retention during 
dispersal and primary colonization. Therefore, I carried out flume and field release 
experiments to reveal the role of spatial vegetation patchiness, propagule traits and 
hydrodynamic stress on propagule retention. 

 

Chapter 5) Intraspecific effects on patch occurrence: are they 
important for stream landscape pattern development? 

Interactions between vegetation and hydrodynamics are widespread and crucial in 
many ecosystems (Leonard and Luther 1995; Madsen et al. 2001; Schulz et al. 
2003; Bouma et al. 2007). However, while the interactions between existing 
patches are now relatively understood (Folkard 2005; Vandenbruwaene et al. 
2011; Adhitya et al. 2014), we still have limited understanding of how an existing 
patch can influence the occurrence of others. Vegetation patches increase flow 
velocity in some adjacent areas, while reducing it directly downstream of the patch 
(Bouma et al. 2007; Chen et al. 2012; Schoelynck et al. 2012; Meire et al. 2014). As 
growth and seedling establishment can be challenging due to the physical stress of 
currents and drag (Vogel 1994; Schutten et al. 2005; Puijalon et al. 2008; Balke et 
al. 2011; Silinski et al. 2015), an existing patch may create optimal spots where 
plant occurrence is promoted due to drag reduction. However, it is currently 
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unknown if existing spatial patchiness of macrophytes, resulting from the two-way 
interaction between vegetation and hydrodynamics, affects the processes of 
vegetation occurrence through intraspecific interactions. Hence, using submerged 
macrophytes as a model system, we address the following question. 

RQ-chapter 5: How does hydrodynamic heterogeneity created by existing 

vegetation patches affect the processes controlling vegetation occurrence? How 
does it influence long-term stream landscape patchiness? 

Here I tested the hypothesis that vegetation patches in streams organize themselves 
in V-shapes to minimize hydrodynamic and drag forces, resembling the flight 
formation adopted by migratory birds. This chapter combines field manipulations 
of patch inter-distance with temporal field surveys of patch formation to 
investigate how bio-physical interactions shape the way organisms position 
themselves in landscapes exposed to physical flows. 

 

Chapter 6) Self-organized patterns: implications for physiological 
functioning 

As mentioned above, feedbacks between vegetation and hydrodynamics are 
important for the evolution of many landscapes. The interaction between plants 
and hydrodynamics also mediates other ecosystem functions and processes, such 
as the uptake of resources by vegetation that is crucial for productivity (Thomas et 
al. 2000; Morris et al. 2008). While resource uptake has so far been studied mostly 
in monospecific canopies, natural landscapes are much more heterogeneous and 
composed of multiple species. Different plant species also show diverse traits that 
can have contrasting effects on hydrodynamics (Peralta et al. 2008; Bouma et al. 
2013), and thereby on their access to resources. 

 Streams show a patchy distribution of vegetation (Dawson 1989; Sand-Jensen 
and Vindbœk Madsen 1992; Cotton et al. 2006). These patches can be a mixture 
of plant species with contrasting traits, which alter hydrodynamics differently 
(Adhitya et al. 2014). To date, we do not know how different species patches 
interact with each other to affect the delivery and uptake of resources between 
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neighbouring patches, by altering hydrodynamic conditions. Hence, using patches 
of two submerged macrophyte species in a flume experiment, I explore the 
emergent effects of self-organized spatial patchiness due to species mixtures on 
resource uptake. 

RQ-chapter 6: What are the effects of spatial patchiness due to different species 

on resource (ammonium) uptake in streams? How does it translate to resource 
uptake at the channel scale? 

In Chapter 6, I investigate how patches of different species interact with each other 
by facilitating uptake of resources, through their effects on hydrodynamics. In a 
racetrack flume experiment combining hydrodynamic measurements and 15N 
labelled ammonium incubations, I explore the effects of spatial patchiness due to 
multispecific canopies on ecosystem functions and services of nutrient load 
reduction. 

 

Finally, in Chapter 7, I will summarize the main findings of my thesis and provide 
a discussion and perspective for future research. Specifically, I will focus on 
considering both ecological and physical emergent properties of self-organization, 
including species interactions in self-organization theory, and the implications of 
self-organization for resource use. I will then use my findings to provide an outlook 
on ecosystem functioning and management implications, focusing on alternative 
stable states and suggestions for river management and restoration. 
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