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[I]t is not the organism but human societies which can serve as an adequate model when it 
comes to describing functions (roles) within an ecological system and the functioning of the 
whole system. ... In contrast to parts of an organism, a particular species has no clearly 
defined role within an ecosystem ... That is, like a person within a human society, who may 
be teacher, spouse, child, politician etc., either at the same time or at different times, it can 
have several roles. Roles can change and the same person as well as the same species can 
even take opposing roles in time. ‘‘The’’ one and only role of a species does not exist. Roles 
are strongly context-dependent. Also, species (…) can live in different ecological systems (…) 
like persons can change the society in which they live, e.g. by emigrating. ... It also can easily 
be decided if an organism is alive or dead, while this is enormously difficult to decide for a 
human society (…) or an ecological system (…). 

— Jax (2005) — 
 
 

DEFINING ECOSYSTEM STRUCTURE AND FUNCTIONING  

The above analogy by Jax (2005) illustrates the complexity of describing functions within an 
ecological system and the functioning of the whole system. Moreover, it exemplifies that 
the word ‘function’ can have different meanings (see Box 1). To avoid misunderstandings 
and to apply the notion of ecological functions in practice, a clear definition of this term is 
thus warranted.  

Here, we define an ecological system or ecosystem according to Odum (1971), as 
any discrete unit in nature that includes all living organisms occurring in a given area and 
their non-living environment with which they interact. This definition implies that an 
ecosystem has spatial boundaries. In some cases these boundaries seem fairly defined, like 
a lake (Odum, 1971). However, in reality the lake shore may transition gradually from an 
aquatic to a terrestrial environment, making it ambiguous what the exact position of the 
boundary is. Moreover, the water level of a lake can change, altering the position of the 
boundary over time (Lévêque, 2003). Ecosystem boundaries are thus virtually absent in 
nature and must therefore be delimited based on the specific perspectives and objectives 
of the observer (Odum, 1971; Jax, 2005). These arbitrary boundaries are permeable and 
subject to the input of matter (e.g. nutrients) and energy (e.g. light) from the surrounding 
environment (Wiens et al., 1985).  

An ecosystem can be described by its structure and its functioning. The structure 
of an ecosystem refers to the organisms present (biotic structure), the non-living, physical 
or chemical features of the environment (abiotic structure), and their interactions (Blair et 
al., 2000). I use the terms ‘ecosystem function’ and ‘ecosystem functioning’ interchangeably 
to describe different environmental (e.g. flow regime and sediment flux) and ecological 
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processes (e.g. metabolism, decomposition, nutrient cycling and trophic transfer) that 
sustain an ecosystem (Box 1 definition 2; Jax, 2005; Palmer & Febria, 2012). So, while the 
structure commonly reflects the status of an ecosystem at a given time, the functioning 
eflects the dynamic processes taking place in an ecosystem through time (Palmer & Febria, 
2012).  

The contribution of organisms to the realization and maintenance of ecological 
processes can be studied by ascribing functional roles to organisms (Box 1 definition 3; Box 
2; Jax, 2005). In other words, functional roles indicate what organisms are doing in an 
ecosystem in a similar way as we speak of ‘jobs’ and ‘professions’ fulfilled by persons in 
human society, according to the analogy at the start of the introduction (Jax, 2005; Dussault, 
2019). It is, however, important to emphasize that ‘The one and only role of a species does 
not exist’ (Jax, 2005). Rather, the functional roles that organisms fulfil are context-based, 
including the actual and potential interactions with other organisms and their environment, 
meaning that roles can change over space and time (Dussault, 2019). For example, some 
macroinvertebrates that usually eat plant material can also eat certain dead organisms, but 
they only fulfil the ‘detritivore’ role if these dead organisms are actually present. In a similar 
way, the role of a person depends on the interactions with other persons within society 
(Jax, 2005). 

Under unimpacted conditions, the structure and functioning of ecosystems 
changes over time due to the natural variability in environmental processes (Lévêque, 
2003). This natural variability is driven in the short-term by diurnal and seasonal changes 
and in the long-term by climatic, geologic or geomorphologic events (Landres, 1992; 
Lévêque, 2003). When events, i.e. external forces, factors or stimuli, lead to the (temporary) 
restructuring of an ecosystem, they are defined as a disturbance (Stanley et al., 2010). 
Although the word disturbance has a negative connotation in common language, it is 
recognized that natural disturbances are essential for many ecosystems in order to maintain 
their heterogeneity (Landres, 1992; Rapport & Whitford, 1999; Lévêque, 2003). For 
example, a natural flood event may open up resources that were unavailable in the pre-
existing state of the ecosystem, which can subsequently be colonized by individuals of the 
same or different species (Lévêque, 2003). 

Disturbances can be characterized by their intensity, frequency, predictability and 
duration (Lake, 2000; Lévêque, 2003). Although disturbances have traditionally been 
viewed as pulses (i.e. rapid and discrete events, such as floods), it is now well established 
that they can also occur as press (i.e. disturbances with a sharp rise that are sustained at a 
constant level, such as sediment input from a landslide) or ramp (disturbances that increase 
intensity over time, such as prolonged droughts) (Lake, 2000; Stanley et al., 2010). Beside 
natural variability, human activities or by-products from human activities may superimpose 
additional external forces, factors or stimuli on ecosystems (Odum et al., 1979; Stanley et.  
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Box 1. Function and functioning in ecology  
Four different meanings of function in ecology - The word ‘function’ is commonly 
used in ecology, although with several different meanings. In order to resolve this 
issue, Jax (2005) identified four important meanings of the word ‘function’ in 
ecology: 
1. Individual-level processes, described as state changes in time and causal 

relations that give rise to them (e.g. a nutrient is assimilated by a plant using 
solar energy). 

2. Systemic processes that together sustain an ecosystem, relating to the 
movement or storage of energy and matter (e.g. nutrient cycling).  

3. Individual roles of organisms within an ecosystem (e.g. primary producer).  
4. The services an ecosystem provides for human beings (e.g. a stream can 

eliminate sewage pollution through self-purification).  
This is further summarized by Farnsworth et al. (2017), stating that an organism has 
certain capabilities (3) that are realized in practice (1), which can be described as 
ecological processes in a more complex context of the larger systems of which they 
are part (2). When these ecological processes are interpreted from a human 
perspective, depending on their practical use, they are called a service (4).    
 
A philosophical debate - The use of the word ‘function’ has raised a philosophical 
debate whether we can assign purpose in ecology (see Jax, 2005; DeLaplante & 
Picasso, 2011; Toepfer, 2011). The critique arises that by asking the question ‘what 
for?’, one would assign teleological properties to organisms and ecosystems, i.e. 
state that something is created and used for a conscious end or purpose. This would 
require an intelligent design by an external agent like God or an immanent nature 
of the cosmos (DeLaplante & Picasso, 2011). Teleological questions have, therefore, 
often been considered methodologically unscientific (Toepfer, 2012).  

Evolutionary theory offered a popular strategy to naturalize teleological 
reasoning by replacing the role of the designer with mechanisms of natural 
selection, i.e. by stating that organisms are adapted to their environments and their 
parts are adapted to the functions they serve (DeLaplante & Picasso, 2011). 
Ascribing functional roles to organisms within ecosystems would, however, imply 
that some traits of the organism have been shaped by ecosystem-level selection and 
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this would conflict with natural selection theory, which assumes individuals within 
populations are the unit at which natural selection operates (Dussault, 2019). 

Dussault (2019) proposed three arguments why the ascription of functional 
roles diverges from the natural selection theory: 1) the functional roles of organisms 
are perceived as context-based properties of organisms and do not entail claims 
about selective history, 2) the aim is to explain ecological processes rather than the 
presence of ecosystems, and 3) organisms are not ‘designed’ to fulfill the role, but 
the organisms are adapted on organism-level to function in interaction with other 
organisms and their environment to their own benefit. The total sum of individual-
level processes fulfilled by each organism form the ecological processes within the 
ecosystem.  

Although there seems no consensus on the interpretation of the word 
‘function’ in ecology, there is general agreement that it will unlikely be eliminated 
and can be useful in describing and explaining biological objects without 
presupposing an intelligent design in nature (Jax, 2005; DeLaplante & Picasso, 2011; 
Toepfer, 2012).        
 

Box 2. Not all traits are functional traits  
Traits are often defined as any morphological, physiological or life-history attribute 
inherent to an organism (Violle et al., 2007). All these traits are ‘biological’, as they 
are crucial for the fitness and performance of organisms. It is, however, important 
to recognize that not all traits are ‘functional’, i.e. significantly modulating 
ecosystem processes (Mlambo, 2014). Functional trait groupings can be made on 
basis of similar responses to environmental changes or on basis of similar functional 
roles in ecological processes (Dussault, 2019). In this thesis, my main focus is on the 
groupings based on functional roles. Contrasting with many traditional trait-based 
studies, the functional roles in ecological processes are concerned with ‘what’ 
organisms do (e.g. remove particles), regardless of ‘how’ they do it (e.g. scrape or 
excavate) (Bellwood et al., 2018). A classic grouping of functional roles in an 
ecosystem is based on similarities in resource use, encompassing for example 
producers, consumers and decomposers (Cummins, 1974). 
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al., 2010). Anthropogenic disturbances may be categorized into five major groups, i.e. 
overexploitation, flow modification, habitat degradation and destruction, water pollution 
and the introduction of exotic species (Rapport et al., 1985; Dudgeon et al., 2006). 
  To complicate matters, an ecosystem that has been modified, degraded or 
otherwise changed by human activities is often referred to as disturbed (Stanley et al., 
2010). Moreover, the term ‘stress’ has often been used interchangeably with the term 
‘disturbance’ (Borics et al., 2013). Although it has been attempted to discriminate between 
disturbance and stress based on cause and effect relationships (Rykiel, 1985), positive or 
debilitating effects on the ecosystem (Rapport & Whitford, 1999) or based on the frequency 
of the event (Borics et al., 2013), in this thesis I do not differentiate between both terms. 
Rather, I only focus on additional human-induced external forces, factors or stimuli applied 
to ecosystems and use the term anthropogenic stress to describe this.    

Now that I have defined the concepts of ecosystem structure and functioning under 
anthropogenic stress, I will elaborate on the need of science and management to: 1) define 
the nominal state of an ecosystem, and 2) search for suitable ecosystem indicators to 
accurately discern the effects of anthropogenic stress on ecosystems. 

 

CHALLENGES IN SPECIFYING THE NOMINAL STATE OF ECOSYSTEMS 

A challenge in making statements about changes in the structure and functioning of 
ecosystems is that it requires the observer to define the nominal state of an ecosystem 
(Landres, 1992; Jax, 2005). As mentioned by Jax (2005), ‘[it] can easily be decided if an 
organism is alive or dead, while this is enormously difficult to decide for a human society (…) 
or an ecological system (…)’. Specifically, while the addition or lack of certain organs could 
be devastating to an organism, the addition or lack of certain species is often within the 
boundaries of natural variability of most ecosystems (Landres, 1992). There is thus need to 
define the nominal state by the limits of allowable change, i.e. the normal operating range 
(Kersting, 1984; Landres, 1992). 

The nominal state of an ecosystem is often determined based on a set of areas of 
the same ecosystem type that are least impacted by human activities, i.e. spatial reference 
conditions (Stoddard et al., 2006). Even if near-natural ecosystems still exist, finding suitable 
spatial reference conditions is difficult, as there is substantial natural variability within an 
ecosystem type due differences in factors like climate, geology, geomorphology and historic 
events (Landres, 1992; Johnson et al., 2010). Alternatively, the nominal state can be derived 
from the prevailing conditions in the past, i.e. historic reference conditions (Stoddard et al., 
2006). However, as ecosystems naturally shift over time the standard of comparison also 
changes (Landres, 1992; Johnson et al., 2010).  
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As alternative, or when the purpose is not to determine to what degree an 
ecosystem is degraded, but to understand the cause-effect relationships between 
anthropogenic stress and ecosystem structure and functioning, it has been argued that we 
rather need to find control conditions instead of reference conditions (Downes, 2010). 
Control conditions should closely match the impacted ecosystems, except for the human 
impact(s) of interest (Downes, 2010). Thus in contrast to reference conditions, control 
conditions may be impacted by a suite of comparable anthropogenic stressors at both 
locations and should only differ in the studied stressor(s). In this thesis, I used such control 
sites and compared them along specific gradients of anthropogenic stress to improve our 
understanding of ecosystem change. 
 

SEARCHING FOR SUITABLE ECOSYSTEM INDICATORS 

To gain insight into how ecosystems change under anthropogenic stress, we need suitable 
ecosystem indicators (Dale & Beyeler 2001). Yet, finding suitable indicators is challenging, 
considering the numerous organisms present and their countless interactions that sustain 
complex processes (Landres, 1992). Traditionally, most biomonitoring schemes have relied 
on structural indicators based on single point-in-time taxonomic inventories of species 
groups that comprise the ecosystem, such as fish, macrophytes, algae and macro-
invertebrates (Cummins 1974; Landres, 1992; Boulton, 1999; Dale & Beyeler 2001). 
Especially macroinvertebrates are commonly used, as they are a diverse and abundant 
group with a wide range of sensitivities to anthropogenic stress (Rosenberg & Resh, 1993). 
Structural indicators of the status or condition of an ecosystem include, for example, species 
diversity (i.e. richness, evenness and composition) and the presence of indicator species 
(e.g. Rosenberg and Resh 1993).  
  It is often assumed that these structural attributes are representative of the 
functioning of an ecosystem and that direct measurements of functional attributes are thus 
irrelevant (Lecerf et al., 2006; Friberg et al., 2011). However, anthropogenic stress may 
impact species composition without affecting ecological processes and vice versa ecological 
processes may alter in the absence of a change in the species composition (Cairns & Pratt, 
1985; Sandin & Solimini, 2009). Therefore, it has been argued that direct measurements of 
ecosystem functioning and the underlying roles that organisms play in these processes are 
necessary to gain insight into how ecosystems change under anthropogenic stress (Karr, 
1999; Young et al., 2008; Friberg et al., 2011; Palmer and Febria, 2012).  

Functional roles may, for example, be quantified as the number and biomass of 
organisms fulfilling specific roles in ecosystem functioning (Box 2; Landres et al., 1992). 
Although there is information for a variety of traits and taxonomic groups in online 
databases (Culp et al., 2011), these traits are often selected based on ease of measurement 
and not on functional value (Bellwood et al. 2019). Also, these trait-databases mostly 
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include static broad categories, while the realized functional role is adaptive and depends 
on the context (Jax, 2005; Bellwood et al. 2019). The challenge is thus to find indicators that 
have causal links with ecosystem functions (Bellwood et al. 2019). Measurements of the 
natural abundance of stable isotopes may, for example, be used as integrated measure of 
the realized trophic positon of species (Dawson et al., 2002).  

Direct measurements of ecosystem processes rely on repeated measurements 
through time in order to obtain process rates (Palmer & Febria, 2012). Environmental 
processes may, for example, be measured with temperature- and water level loggers to 
obtain information on the thermal and flow regimes respectively. The ideal way to measure 
ecological processes would be to directly measure the flow of energy and cycling of matter 
through an ecosystem, but this is difficult to achieve (Odum, 1971; Jørgensen, 2009). 
Instead, measurements of ecological processes are based on indirect changes in quantities 
through time, such as the amount of organic matter that is produced or decomposed (e.g. 
by using mass loss of leaves to estimate decomposition rates) or the by-product that is 
released during this process (e.g. by using changes in dissolved oxygen concentrations to 
estimate ecosystem metabolism; Odum, 1971; Jørgensen, 2009).  

As these measurements are indirect, they may reflect different aspects of the 
complex ecological processes that they are supposed to describe (Odum, 1971). As such, 
there are seemingly endless number of variables which may be measured to describe 
ecosystem functioning (Jax, 2005; Canning & Death, 2018). Several methods which can 
potentially be used to measure ecological processes are described in Box 3. There is a need 
to explore to what extent these different attributes can help us to understand how 
ecosystems function. 
 

AIM, OBJECTIVES AND OUTLINE OF THIS THESIS 

From a scientific, but also from a management perspective there is a need to find suitable 
indicators to gain insight into how ecosystems function, and to detect, monitor, assess and 
diagnose deviations from control conditions. This resulted in the formulation of the 
following aim of this thesis:  
 

To identify functional indicators of anthropogenic stress in aquatic ecosystems using 
ecosystem processes and functional roles of organisms, and to explore their potential use 

in biomonitoring schemes. 
 
The focus of this thesis is on linear shaped small (width < 10 m) and shallow (depth < 1 m) 
permanent freshwater ecosystems in lowland areas, including lowland streams and 
drainage ditches. These two water types can be distinguished based on flow. Ditches are 
characterized by a current velocity of less than 5 cm/s in either direction, whilst in lowland   
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Box 3. Potential measurements of ecological processes in 
freshwater ecosystems 
Ecological processes that may be used as indicators of ecosystem functioning, 
include metabolism, decomposition rates, nutrient cycling and trophic transfers. 
Potential methods to measure these ecological processes in freshwater ecosystems 
are described below:  
1. Ecosystem metabolism encompasses the rate of production (i.e. 

photosynthetic fixation of inorganic to organic carbon by algae, bryophytes 
and aquatic macrophytes) and respiration (i.e. loss or mineralization of organic 
to inorganic carbon by all organisms) of organic matter (Odum, 1956; 
Woodwell and Whittaker, 1968). A common method to estimate ecosystem 
metabolism incudes the measurement of dissolved oxygen (DO) 
concentrations either in the open channel or in air-tight chambers enclosing 
part of the water body (Tank et al., 2010; Staehr et al., 2012a). 

2. Decomposition describes the rate of detrital mass loss through leaching, 
microbial and invertebrate activities and abrasion (Webster and Benfield, 
1986). Decomposition releases energy into the food web and forms an 
important step in nutrient cycling (Friberg et al., 2011). Decomposition rates 
are commonly estimated by measuring the mass loss of leaves or artificial 
substrates incubated in the water body over a certain period of time (Meyer, 
1980; Boulton and Boon, 1991; Young et al., 2008). 

3. Nutrient cycling involves the sequence of uptake of mostly inorganic elements 
by biota, the transfer of these elements to higher trophic levels and the release 
back into the environment (Mulholland & Webster, 2010). Methods used to 
assess aspects of nutrient cycling include, for example, the measurement of 
nutrient transformation processes like denitrification under controlled 
conditions (Udy et al., 2006).   

4. Trophic transfer involves the feeding of one organism on another or on dead 
organic matter (Odum, 1971). Trophic transfers may be demonstrated by 
enriching organic matter with labeled stable isotopes and subsequently 
measuring the uptake in organisms (De Goeij et al., 2008; Mulholland & 
Webster, 2010). 
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streams flow is unidirectional and reaches current velocities over 20 cm/s (Peters et al., 
1988). Furthermore, ditches are man-made, excavated to drain wetlands, as opposed to 
streams which are natural. Normalized and channelized streams fall in between these two 
water types, as their longitudinal and cross profile is altered or even completely excavated 
by humans, and although flow is unidirectional, current velocity is generally lower than in 
natural streams (Peters et al., 1988).  

The positioning of these waters in densely populated lowland areas exposes them 
to a combination of stressors, including hydro-morphological degradation and pollution 
(Paul and Meyer, 2001; Riis and Sand-Jensen 2001; Schinegger et al. 2012; Bracewell et al. 
2019). Nutrient enrichment, in particular, is considered to be one of the predominant water 
quality issues in surface waters (Janse & Van Puijenbroek, 1998; Smith et al., 1999; Smith 
and Schindler, 2009) and therefore has a key focus in this thesis, although other stressors 
were studied as well, amongst others, alteration of discharge dynamics, low dissolved 
oxygen concentrations, increased water temperatures and contamination from pesticides, 
pharmaceuticals and personal care products. 

In this thesis, we conduct multiple field studies (Chapter 2-7) and a literature study 
(Chapter 8) to meet the following objectives (Figure 1): 
 
1. Measure abiotic features over time to obtain information on environmental processes  
To achieve the first objective, we measure two key environmental processes over time, 
including discharge dynamics (Chapter 2) and dissolved oxygen dynamics (Chapter 3). In 
Chapter 2, we record the timing of extreme peak discharges in four streams throughout two 
years using water level loggers. We relate these discharge peaks, as functional indicator, to 
the population dynamics of the caddisfly Agapetus fuscipes, which is a good indicator of 
undisturbed streams. To gain more insight into the impact of eutrophication on the 
functioning of drainage ditch ecosystems, we identify daily and seasonal temporal patterns 
of dissolved oxygen dynamics in drainage ditches along an eutrophication gradient in 
Chapter 3. 
 
2. Measure the realized functional roles of organisms in resource use 
To achieve the second objective, we study the functional detritivore role of 
macroinvertebrates using trait-databases and relate this to the particulate organic matter 
decomposition rates (Chapter 4). We explore how the role that macroinvertebrates and 
microbes play in particulate organic matter decomposition changes under low dissolved 
oxygen stress. In Chapter 5, we assess the plasticity of the role that primary and secondary 
macroinvertebrate consumers fulfill along a eutrophication gradient. Specifically, we use 
stoichiometry and stable isotope analysis to assess if nutrient enrichment causes a shift in 
the trophic position of the macroinvertebrate consumers.  
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Figure 1: Schematic overview of the structure and functioning of aquatic ecosystems in relation to the 
four objectives (large red numbers) and the main focus of the chapters (small green numbers) of this 
thesis. First, abiotic features are measured over time to obtain information on environmental 
processes. Second, organisms are studied through their functional roles in resource use. The 
environmental context determines the contribution of organisms to the realization and maintenance 
of ecological processes Third, we evaluate direct measurements of these ecological processes. Fourth, 
the use of both structural and functional indicators are compared and ideas are explored to improve 
understanding of ecosystem functioning and its associated biomonitoring.  
 
3. Evaluate direct measurements quantifying ecological processes  
To achieve the third objective, we focus on measurements related to decomposition (i.e. 
mass loss of artificial substrates; Chapter 6) and ecosystem metabolism (i.e. open channel 
dissolved oxygen; Chapter 7), as these have been advocated previously as suitable 
functional indicators by Young et al. (2008). First, we evaluate the use of organic matter 
decomposition as functional indicator to diagnose the impact of various stressors 
originating from agricultural activities and WWTP discharges (Chapter 6). The estimation of 
ecosystem metabolism from diel dissolved oxygen curves involves several challenges, like 
the difficulty to split up productivity and respiration rates, the estimation of re-aeration 
rates and the lack of anaerobic respiration rates. In Chapter 7, we explore whether passive 
acoustics monitoring may potentially overcome these challenges. 
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4. Explore ideas to improve our understanding of ecosystem functioning  
To achieve the fourth objective, we perform a literature study (Chapter 8) in which we 
evaluate the use of functional indicators (i.e. ecosystem metabolism and decomposition) 
compared to structural indicators (e.g. taxonomic inventories of the community 
composition) in the understanding and biomonitoring the impact of multiple anthropogenic 
stressors on running waters. We explore ideas on how knowledge on suites of interacting 
traits that evolved under local abiotic and biotic conditions of all organism groups can help 
to better comprehend multiple stressor effects on ecosystem structure and function.  
 
Finally, I provide a synthesis that describes a framework on how abiotic and biotic 
hierarchical filters control the functioning of ecosystems (Chapter 9). I propose how 
studying the appropriate temporal scales can improve our comprehension of how 
organisms respond to anthropogenic stress and how studying the known unknowns of 
functional roles of these organisms can improve our understanding of ecosystem 
functioning. Finally, I suggest possible steps on how to monitor and predict ecosystem 
functioning in practice.  
 
  


