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CHAPTER 9
The aim of this thesis was 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. For discharge dynamics (Chapter 2) and
oxygen dynamics (Chapter 3), I showed that detailed quantification of these environmental
processes is necessary to comprehend the temporal patterns in abiotic features leading to
biotic responses. For example, timing of extreme disturbances, like peak discharges,
showed to be important in explaining changes in caddisfly population dynamics (Chapter
2). Low dissolved oxygen concentrations, which may impact the survival of many aquatic
organisms, were measured outside the working hours when incidental measurements are
usually taken (Chapter 3). Both studies emphasized the need to consider temporal scales
better when trying to understand how ecosystems change under anthropogenic stress and
how organisms respond to these changes.
Indeed, initial evidence was provided that environmental processes are an important
factor in setting the context in which organisms fulfill their functional roles in resource use,
and therewith regulate ecological processes (Chapter 4, 5). Specifically, low dissolved
oxygen saturation determined to what extent microbial and macroinvertebrate detritivores
fulfilled their role in organic matter decomposition (Chapter 4), while eutrophication
induced a shift in the diet of secondary consumers towards increased herbivory, as the
carbon: nutrient ratios of primary producers decreased (Chapter 5).
The impact of anthropogenic stressors on ecological processes is complex, as there
is usually a combination of multiple stressors involved (Chapter 6, 8). For example, organic
matter decomposition was higher at sites with higher dissolved nitrogen concentrations,
masking the potential effects from toxic pollution (Chapter 6). Advancements in
measurement techniques may provide more information on specific ecological processes,
e.g. passive acoustic monitoring may be used to characterize photosynthesis, respiration
and re-aeration in more detail than ecosystem metabolism estimated from measurements
of dissolved oxygen concentrations (Chapter 7).
In order to increase our understanding of how ecosystems change under
anthropogenic stress at a specific site, we need to recognize that the functioning of
ecosystems is shaped by a set of hierarchically arranged abiotic and biotic filters changing
over time. Specifically, it was postulated in Chapter 8 that we need to increase our
knowledge of 1) the response of species to natural variability in abiotic features and the
superimposed stress caused by anthropogenic activities, and 2) the functional role these
species play in the functioning of ecosystems in the context of the local dynamics in
environmental processes.
In this synthesis, I first provide a framework exploring how the abiotic and biotic
hierarchical filters control the functioning of ecosystems. Then, I explore how studying the
appropriate temporal scales can improve our comprehension of how organisms respond to
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anthropogenic stress. Next, I propose future directions on how to study the known
unknowns of organisms’ functional roles in ecosystem functioning. Lastly, I suggest possible
steps on how to monitor and predict ecosystem functioning in practice.

HIERARCHICAL FILTERS CONTROLLING THE FUNCTIONING OF ECOSYSTEMS
If we wish to understand how ecosystems function, it must be recognized that the
functioning of ecosystems is shaped by a set of hierarchically arranged abiotic and biotic
filters (Figure 1; Lévêque, 2003; Tockner et al., 2010). The geographic position of an
ecosystem controls the regional climate, geology and geomorphology (Lévêque, 2003).
These drivers can generally not be shaped by local management (Verdonschot, 1998),
although human activities do impact ecosystems at this level through, for example,
anthropogenic climate change (e.g. Dhungel et al., 2016). The environmental processes in
an ecosystem are a result of the interaction between climate, geology and geomorphology,
which in freshwater bodies primarily comprise the temporal variability in hydrology,
morphology and chemistry (Verdonschot, 1998; Tockner et al., 2010).

Figure 1: a) Schematic representation of how the natural variability in the environment acts as a filter
on the presence of organisms, which in turn contribute to the realization and maintenance of
ecological processes in an ecosystem over time, and b) the same situation under anthropogenic stress.
Figure adapted from Tockner et al. (2010).
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Hydrological processes relate to changes in water quantity over time, such as
discharge dynamics (Chapter 2). Morphological processes include changes in longitudinal
and lateral channel patterns and substrate composition, like channel migration and
sediment dynamics. Chemical processes relate to changes in water and sediment quality
over time, including the dynamics of substances like dissolved oxygen (Chapter 3),
nutrients, organic matter and major ions. These environmental processes strongly interact,
e.g. the morphology is shaped by the hydrological processes in a stream (Verdonschot,
1998). Under unimpacted conditions, the natural variability in environmental processes act
as an abiotic filter for the presence and abundance of organisms in an ecosystem, as their
suite of multiple interacting traits allow them to exploit the available resources (Figure 1a;
Lévêque, 2003; Tockner et al., 2010). These organisms interact with other organisms and
their environment and thereby form a biotic filter that determines the realization and
maintenance of ecological processes in an ecosystem (Jax, 2005). Although the filters are
drawn linear and sequential, they may also be iterative (Hamilton et al., 2019), e.g.
ecological processes like primary production and respiration alter the dissolved oxygen
dynamics, which may in turn impact the organisms present (Chapter 3).
Anthropogenic stress from overexploitation, flow modification, habitat
degradation and destruction and water pollution may superimpose an additional filter,
interfering with the natural variability in local environmental processes (Figure 1b; Dudgeon
et al., 2006; Tockner et al., 2010). For example, channelization may alter hydrological
processes by increasing the number and intensity of discharge peaks (Chapter 2).
Agricultural activities and WWTP discharges may alter chemical processes by increasing
nutrient and contaminant concentrations in an ecosystem (Chapters 5, 6), as well as
changing dissolved oxygen dynamics (Chapter 3). Hence, the combination of natural
variability and anthropogenic stress impacts the presence of organisms and subsequently
ecological processes (Tockner et al., 2010). Each of these hierarchical filters acts over time
and considering the appropriate temporal scale is, therefore, an important step to
understand how organisms respond to anthropogenic stress.

IT IS TIME TO STUDY THE APPROPRIATE TEMPORAL SCALES
A large proportion of studies assessing the impact of anthropogenic stress on organisms
focussed on a single life stage, assuming that those are an adequate indicator of
environmental conditions (Lancaster & Downes, 2010). To improve our understanding of
how organisms respond to disturbances, it is thus necessary to select the appropriate
temporal scale (Chapter 2). The temporal scale for an ecologist typically ranges from a day
to a century (Lévêque, 2003). Selection of the appropriate temporal scale depends on the
chosen ecological phenomena and the organism of interest (Figure 2a; Lancaster, 2008).
Here, we were interested in changes in populations and communities, which should be
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studied at a temporal scale of at least one generation. Generation time refers to the time it
takes for an individual to produce its first offspring, which differs between organisms
(Lancaster, 2008).
An approximate indication of generation times for different organism groups is
presented in Figure 2b. The generation time between organism groups typically ranges from
a day for bacteria (Jannasch, 1969) to several years for fish (Nie, 1996; Mims et al., 2010),
however, even within organism groups variation can be large. For example, the generation
time of macroinvertebrates ranges from several weeks (e.g. some Naididae, Culicidae and
Chironomidae) to multiple years (e.g. certain species of Elmidae, Odonata and Hirudinea)
and in some cases even decades (e.g. Unionidae), although an annual generation time is
most common in northern temperate zones (Hynes, 1970b; Tachet et al., 2000). Within
species, generation times may vary depending on local conditions, like temperature and
resource availability (Hynes. 1970b; Lancaster, 2008; e.g. Ageputus fuscipes in Chapter 2).
Once the appropriate temporal scale has been selected, one should determine whether and
how environmental processes within that temporal scale might influence ecological
phenomena (Lancaster, 2008).

Figure 2: a) Different ecological phenomena approximately scaled to the generation time of an
organism (adapted from Lancaster, 2008), and b) approximate indication of the time for different
organism groups to produce one generation in northern temperate zones (based on fish: Nie, 1996;
Mims et al., 2010; macroinvertebrates: Hynes, 1970; Tachet et al., 2000; Thorp & Covich, 2009;
zooplankton: Allan, 1976; Sigee, 2005; Thorp & Covich, 2009; macrophytes: Barrat-Segretain, 1996;
Philbrick & Les, 1996; Packer et al., 2017; algae: Hassall, 1845; Transeau, 1916; Azim et al., 2005;
microbes: Jannasch, 1969; Wurzbacher et al., 2011).

To determine whether and how environmental processes impact organism
populations within the selected time scale, we also need to consider the temporal patterns
of disturbances (Underwood, 1994). Broadly, three types of temporal patterns of
disturbances can be distinguished, namely pulse, press and ramp (Figure 3; Lake, 2000). The
classification of disturbances into these categories depends on the generation time of the
165
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organism concerned, i.e. a disturbance lasting two months would be deemed a ramp or
press for an organism with a generation time of a few weeks, but would be considered a
pulse for organism with a generation time of one year (Underwood, 1994). Although there
are some difficulties involved in describing disturbance in three broad categories (see for
example Box 1), it is nevertheless useful to think in different types of disturbance
(Underwood, 1994). Press and ramp disturbances have a rather constant long-term impact
on populations, whereas for pulse disturbances it is relevant to consider the population
dynamics in relation to the temporal patterns of the disturbance (Chapter 2; Underwood,
1994). The intensity, frequency, predictability and duration of pulses has already been
extensively documented for discharge dynamics (Chapter 2; Downes, 2010; Stanley et al.,
2010), and advances in measurement technologies hold promise to increase our
underdestanding of temporal patterns of other environmental processes as well (Ensign et
al., 2017).

Figure 3: Three types of stress distinguished by temporal trends in the strength of the disturbing force
in relation to the generation time of an organism: a) pulse, b) press and c) ramp. Figure adapted from
Lake (2000).

Box 1. Challenges in classifying temporal patterns of disturbances

There are some challenges in classifying different types of disturbances, for example,
when a pulse disturbance has long-term press effects (Underwood, 1994). For instance,
many pesticides are sprayed at particular times of the year (e.g. pre‐emergent
herbicides), while others are sprayed multiple times throughout the growing season
(e.g. most insecticides), producing multiple pulses of pesticide inputs in surface waters
over a year (Relyea & Hoverman, 2006). Many of these pesticides stick to the sediment,
making sediments a sink for pesticides when accumulation is higher than degredation
of the compound (Konvang et al., 2003). In the sediment, these pesticides form a press
or ramp disturbance to most sediment-dwelling organisms, as they are exposed by
direct inadvertent ingestion of sediments and by uptake from pore water and overlaying
water where contaminants are released back through diffusive fluxes (Simpson & Batley,
2016). Physical disturbance of sediment may also result in a pulse back into the surface
water with a different timing than the original pulses (Simpson & Batley, 2016), further
complicating the classification of the temporal pattern of the disturbance.
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In this thesis, I quantified the temporal patterns of dissolved oxygen saturation
using sensors with datalogging capabilities (Chapter 3). These measurements revealed
diurnal cycles in dissolved oxygen saturation originating from day-night patterns in
production and respiration (Figure 4a). The minimum and maximum values occured outside
the working hours when incidental measurements are usually taken (Chapter 3).
Eutrophication altered the intensity of these diurnal cycles during spring and especially
during summer (Figure 4b). Likewise, advances in measurement technologies hold promise
to detect temporal variability in other chemical processes as well, that have been tedious
to detect up to now using manual grab sampling (Ensign et al., 2017). For example,
developments in high frequency loggers of some nutrients (PO4, NH4 and NO3) could
enhance our understanding of patterns and controls of nutrient dynamics (Mulholland et
al., 2010; Pellerin et al., 2016). Also morphological processes, like sediment fluxes and
streambed mobility, may now be measured at high frequency, employing dataloggers like
the passive acoustics methods used in Chapter 7 or by using automated imagery.

Figure 4: Dissolved oxygen dynamics in drainage ditches with a) diurnal variation in dissolved oxygen
saturation and b) the occurrence of these diurnal patterns over different seasons (A= autumn, W =
winter, Sp = spring, Su = summer) dependent on eutrophication state ranging from meso- to
hypertrophic (adapted from Chapter 3).
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Whether population dynamics are actually impacted by a pulsed disturbance
depends mainly on the intensity, frequency, predictability and duration of the pulses in
relation to the timing of critical periods in the life cycle of the exposed species (Chapter 2;
Lancaster and Downes 2010). Various species have evolved traits to avoid unfavourable
conditions by, for example, going into a resting state (Transeau, 1916; Hynes, 1970). While
certain other life history traits, such as generation time, migration ability, and timing and
duration of life stages may increase a species ability to recover after a disturbance (which is
included in the trait-based SPEAR metrics used in Chapter 6). In northern temperate zones,
a regular succession of life stages of different species occurs throughout the year in relation
to seasonal variations in climatic factors. Nonetheless, the exact timing of the consecutive
life stages depends on local conditions and may vary slightly between years (Figure 5;
Chapter 2; Transeau, 1916; Hynes 1970; Lévêque, 2003). Many species within the same
genus coexist together through differences in timing of life history (Figure 6; Hynes 1970),
stressing the importance of studying the succession of life stages on species level.
The exact number of generations that needs to be studied to understand the relation
between environmental processes and population dynamics depends on the natural
variability in the population dynamics, but Lancaster (2008) argues that useful time-series
may encompass at least 20 generations. For organism groups with longer generation times,
long-term datasets of the environmental processes and population dynamics would be
required, however, collecting this information is logistically challenging (Lancaster, 2008).
To overcome this challenge, development and parametrization of numerical population
models including abiotic and biotic interactions may provide potential to extrapolate
between temporal scales and thereby facilitate our understanding on how environmental
processes impact population dynamics over longer temporal scales (Relyea & Hoverman,
2006; Lancaster, 2008). An example of such numerical model was used in Chapter 2 to
simulate the population dynamics of a caddisfly species. Although the stage-population
model could still be improved by, for example, making each stage duration dependent on
temperature and resource availability and by including biotic interactions like competition,
it did seem a promising tool to simulate the invertebrate population dynamics over time
(Chapter 2).
Based on the above information, I suggest that to determine how anthropogenic
stress drives population dynamics we need to 1) select the appropriate temporal scales
based on the generation time of the studied organism, 2) quantify the temporal patterns of
environmental processes within this unit of time using high frequency measurements, 3)
link the intensity, frequency, predictability and duration of pulse disturbances to the timing
of critical periods in the life cycle of the exposed species, potentially using population
models.
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Figure 5: Typical periodicity of three ecological groups based on generation time of a) abundance of
algae in ponds and streams (adapted from Transeau, 1916), including annuals (with spring annuals
being the largest seasonal group), perrenials and ephimerals and b) growth of aquatic insects in
streams, with arrows indicating emergence, including univoltine (F1,2,3 = fast seasonal cycle and S1,2,3 =
slow seasonal cycle; adapted from Hynes, 1970), semivoltine (N2 = 2 year cycle and N3 = 3 year cycle;
adapted from Hynes, 1970) and multivoltine (B1 = 2 generations per year and M1 = 3 generations per
year; based on data by Wagner et al., 2011). Both panels depict a schematic representation of typical
periodicity. Note the differences in axes scales.

Figure 6: Temporal variability in the relative abundance of two species of the same genus in a)
stoneflies (Plecoptera: Leuctra) and b) mayflies (Ephemeroptera: Ephemerella). Adapted from data of
the Breitenbach stream measured in 1987-1988 by Wagner et al. (2011).
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THE KNOWN UNKNOWNS OF ORGANISMS’ FUNCTIONAL ROLES IN
ECOSYSTEM FUNCTIONING
In the previous section, I focused on how environmental processes impact population
dynamics, typically studied by population ecologists. Measurements of direct ecological
processes which are of interest to ecosystem ecologists, such as decomposition rates, were
presented in several chapters of this thesis (see Chapters 4, 6, 8). Although some steps were
made to link population and ecosystem ecology, such as using the natural abundance of
stable isotopes to determine the functional roles of organisms rather than using static traitdatabases (Chapter 5), it still remains a challenge to identify to what extent different species
present in an ecosystem realize and maintain ecological processes over time (Chapter 8).
The main question we need to ask to link these two disciplines is ‘what do species do in
ecosystems?’ (Lawton, 1994). The obvious answer is ‘many things’, considering that
ecosystems would not exist without species. However, the actual links between functional
roles and ecosystem functioning remain largely unknown (Lawton, 1994; Lévêque, 2003;
Bellwood et al., 2018). In this section, I propose some future directions on how to study
these known unknowns of functional roles.
Before identifying functional roles, it is important to select the ecosystem
function(s) of interest, as one organism may fulfill many different roles (Bellwood et al.,
2018). Then, we need to identify those species that have a fundamental ecological niche
able to deliver the specific ecosystem function(s). The fundamental ecological niche of an
organism includes the sum of all adaptations crucial for the fitness and performance of
organisms and may be characterized using three principal axes, describing where an
organism lives (habitat) and what it does (functional role) over time (Figure 7; Lévêque,
2003; Pianka, 2011). This fundamental ecological niche is, however, a hypothetical,
idealized niche in which the environmental conditions are optimal and there are no negative
interactions with other organisms, like competition and predation (Hutchinson, 1957;
Pianka, 2011).
In reality, the fundamental ecological niche is seldom fully utilized at a certain time
and location. The context, i.e. the actual set of environmental conditions and positive and
negative interactions with other organisms, determine which part of the organisms’
fundamental ecological niche is realized at a certain time and location (Figure 7; Chapters
4, 5, 8; Hutchinson, 1957; Lévêque, 2003; Pianka, 2011; Rodriguez-Cabal et al., 2012). For
example, in Chapter 5 we showed that secondary macroinvertebrate consumers adjusted
their diet along a eutrophication gradient, i.e. they presumably shifted their realized niche
based on the available resources. This finding indicates that the functional role of organisms
cannot be inferred from static, broad trait databases, but needs to be derived from the local
temporal context (Bellwood et al., 2018). There is thus need to measure to what extent
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functional roles are performed by the organisms within a specific ecosystem. This would be
a laborious task and perhaps impossible to perform considering the number of species
present within an ecosystem. Therefore, I recommend focusing on the species that are
presumed to play a key role in the selected function(s), i.e. the most dominant or keystone
species for a particular function under specific contexts. Examples of such key species
include the gammarid shredders assessed in the decomposition study of Chapter 4 or the
generalist consumers assessed in the trophic transfer study of Chapter 5.

Figure 7: The ecological niche of an organism in terms of where it lives (habitat) and what it does
(functional role) over time. The context, i.e. the environment and interactions with other organisms,
determines which part of the fundamental niche (brown line) is actually realized at a certain time and
location (grey shape). Based on Lévêque, 2003; Pianka, 2011; Rodriguez-Cabal et al., 2012.

In this thesis, I only focused on functional roles of organisms based on trophic
interactions. There are, however, also functional roles of organisms that do not directly
involve trophic interactions between species, but that may have played an important
(unknown) role in ecosystem functioning (Jones et al., 1994; Wright & Jones, 2006; Kéfi et
al., 2012; Dussault, 2019). One important non-trophic role in ecosystem functioning is
fulfilled by ecosystem engineers, i.e. organisms that directly or indirectly physically
modulate the availability of resources to other species and thereby alter environmental and
ecological processes (Figure 8; Jones et al., 1994; Wright & Jones, 2006; Jones et al., 2010).
Organisms may modify the environment with their own living or non-living structure,
171
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termed autogenous engineers, e.g. macrophytes in water bodies create physical habitat
with their tissue, impact light, oxygen and temperature regimes and alter sedimentation
rates. Or organisms may change the environment by transforming living and non-living
matter from one physical state to another, termed allogenous engineers, e.g. beavers that
cut down trees to construct dams and burrowing organisms that actively rework soils (Jones
et al., 1994). We know in theory that these ecosystem engineers are present in most
ecosystems. However, their role in ecosystem functioning has received limited attention in
empirical studies as opposed to trophic interactions, except for spectacular examples such
as beaver activities (Lévêque, 2003; Wright & Jones, 2006; Borst et al., 2018). Understanding
the functional roles of organisms in ecosystem functioning may thus be further improved
by more explicitly including these non-trophic interactions in future studies.
Based on the above information, I propse that one way forward to improve our
understanding of how organisms contribute individually and collectively to the functioning
of ecosystems is to 1) select the ecosystem function(s) of interest, 2) quantify to what extent
different species fulfill the roles in that specific function(s) within the local temporal context,
3) extend the study on functional roles by including non-trophic interactions, like the role
of ecosystem engineers.

Figure 8: Pathways in which ecosystem engineers may impact ecosystem functioning through nontrophic interactions. The white arrows indicate cause-effect relationships in an engineered ecosystem
and the grey arrows indicate feedback mechanisms back on the ecosystem engineer. The solid white
arrow for autogeneous engineers represents the physical structure inserted in in its environment. The
striped white arrow for allogenous engineers represents the action of the engineer on other living or
non‐living structures. Adapted from Jones et al., 2010.
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MONITORING AND PREDICTING ECOSYSTEM FUNCTIONING IN PRACTICE
In this synthesis, I argued that to improve our understanding of ecosystem functioning
under anthropogenic stress, we need to study ecosystem functions within a framework of
hierarchically arranged abiotic and biotic filters changing over time. I propose that if we aim
to monitor ecosystem functioning in practice, we need to address these abiotic and biotic
filters in reverse order (Figure 9). First, we need to select the ecosystem function(s) of
interest, as the importance of organisms in fulfilling a functional role depends on the
selected function(s). Then, we need to quantify to what extent different species fulfill a role
in the specified function(s) within the local temporal context. In future studies, I
recommend focusing on the species that are presumed to play a key role in the selected
function(s) based on both trophic and non-trophic interactions. To understand how the
population dynamics of these species change under anthropogenic stress, we need to select
the appropriate temporal scale based on the generation time of the studied organism.
Within this unit of time, we need to link the temporal patterns of the environmental
processes to the timing of critical periods in the life cycle of the exposed species.

Figure 9: Perspectives on how to monitor changes in ecosystem functioning under anthropogenic
stress in reversed order of the set of hierarchially aranged abiotic and biotic filters.

If we want to take this framework one step further and would aim to predict how
ecosystem functioning changes under anthropogenic stress within the local temporal
context, we also need to know which species may be able to take over a specific functional
role when the organism(s) previously playing the key role in the selected function(s)
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disappear. In Chapter 8, we described potential factors that may impact the degree that
organisms may fulfill functional roles under anthropogenic stress, based mainly on
knowledge associated with the role shredders play in decomposition. In short, some species
present in low numbers, or newly colonizing species may be able to replace the key
organism(s) previously fulfilling the functional role, and then fulfill this role within the new
context (Lévêque, 2003). In some cases, species loss may occur without detectable loss in
ecosystem function, because of the density-dependent compensation by other species
(Figure 10; Schultze & Mooney, 1994). However, species may substantially differ in the
degree that they fulfill a functional role, which could result in either an increase or decrease
in a specific function, or alternatively there may be no species present to fulfill the
functional role (Figure 10; Vinebrook et al., 2004). Currently, we know too little about the
functional roles of most species to make such predictions (Chapter 8). Therefore, I argue
that we first need to increase our knowledge on which potential trophic and non-trophic
functional roles different species may fulfill.

Figure 10: Hypothetical scenarios describing the potential impact of anthropogenic stress on the
functional role fulfilled by organisms in an ecosystem over time.

To conclude, Oscar Wilde is said to once have stated “Society exists only as a
mental concept: in the real world there are only individuals” (Elliot & Turner, 2012).
Similarly, ecosystem boundaries are virtually absent in nature, but are delimited based on
the specific perspectives and objectives of the observer (Jax, 2005). In the real world, there
are organisms that perform processes and it is the total sum of these individual-level
processes fulfilled by each organism that make ecosystems function. From this thesis, it can
be concluded that the functional roles fulfilled by organisms can varry due to changes in
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context, resulting in complex patterns in ecosystem processes. Therefore, I recommend that
future research on ecosystem functioning should focus on the potential trophic and nontrophic functional roles fulfilled by organisms within different contexts changing over time.

--- Ultimately, organisms make ecosystems function ---
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