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CHAPTER 7
Synthesis - Towards an improved
understanding of multiple stressor
impacts on aquatic ecosystems

Chapter 7

The present thesis aimed to explore biology-based approaches to unravel multiple stressor
impacts on aquatic ecosystems. Following the objectives, we defined an appropriate context
for the assessment of macroinvertebrate-based ecological water quality (Chapter 2, 3 and
4) and developed tools for simulating macroinvertebrate responses to multiple stressors to
support informed decisions on restoration measures (Chapter 2, 5 and 6).
In order to increase our understanding of multiple stressor effects, and to achieve an
improved ecological condition of Dutch surface waters as sketched in the introduction, advancements in three domains are needed, including the use of ecological theory, the development and use of appropriate techniques and methods, and the subsequent application
of the obtained knowledge and improved methods in the practice of water management.
For this purpose, this synthesis integrates the results of the previous chapters and describes
how we can address each of these domains to achieve an improved understanding of the
impacts of multiple stressors on aquatic ecosystems.
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The three domains that we need to consider are depicted in Fig. 1 as a building. The ground
floor accommodates a broad fundament of ecological theory, an essential departing point
for all applications in water management. From there, at the first floor we reach multiple
rooms with available techniques and methods. These rooms are strongly connected, as the
described approaches supplement each other. With the knowledge obtained by applying
these combined techniques and methods, at the second floor the daily practice of water
management can be supported in choosing the appropriate restoration measures to
counteract the effects of multiple stressors, to halt further ecosystem deterioration, and
to restore degraded aquatic ecosystems to recover biodiversity. In turn, feedback can be
provided to the lower floors about the effectiveness of these measures, with the opportunity for testing theory and methods.
The highlighted topics within each domain are central to this thesis and are described in
more detail below. The topics that are not highlighted are only pointed out shortly. These
are also important to achieve an improved understanding of multiple stressor effects, but
are beyond the scope of this thesis.
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Figure 1. Developments required for an improved understanding of multiple stressor impacts on
aquatic ecosystems. Emphasized boxes indicate focus topics of this thesis that are described in detail
in the text.
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1

Ecological Theory

Ecological theory forms the fundament of an improved understanding of multiple stressor
impacts on macroinvertebrate assemblages, drawing from a variety of disciplines such as
community ecology and landscape ecology. This ecological fundament includes insights into
how ecosystem functioning drives ecosystem structure and vice versa, how the environmental processes driving assemblages interact at multiple spatial and temporal scales, and which
ecological mechanisms shape species distribution patterns. Basing the methods for studying
multiple stressor impacts and restoration measures on a solid theoretical fundament will
allow us to make optimal use of the available knowledge to develop our understanding of
multiple stressor impacts and to implement effective restoration measures.
In this thesis, the focus in ecological theory was on multiple scales and distribution patterns,
as shown in the ground floor of Fig. 1. An increased knowledge of ecosystem structure and
functioning and their connection was explored previously by Van der Lee (2020), describing
how ecosystem functioning can be used as an indicator to express the effects of anthropogenic stress.

Chapter 7

1.1

Considering multiple spatial and temporal scales

It has long been recognized that stream assemblages are placed in a spatially nested hierarchy
of environmental factors (Allan et al., 1997; Frissell et al., 1986; Poff, 1997). These include
climate, surrounding geology and geomorphology at regional scales, land cover at catchment
and segment scales and morphology and physico-chemistry at local scales (Fitzpatrick et al.,
2001). These factors strongly interact, for instance, local chemistry is dependent on regional
land use and substrate patterns are influenced by discharge dynamics and riparian zones.
However, due to this scale-dependency, the identification of the main drivers of the ecological condition of streams is still under debate. Depending on the scale of observation,
organism group of interest and study location, different environmental factors appear to
be better predictors of the instream ecological conditions (Stoll et al., 2016). Reach-scale
factors, such as substrate features, were found to be important for predicting invertebrate-based water quality (Fitzpatrick et al., 2001), but in other studies regional or catchment-scale parameters, such as land use coverage, were found to be strong drivers (Death
and Collier, 2010; Rasmussen et al., 2013; Roth et al., 1996). Although there is a limited
understanding of local versus regional factors, environmental factors at multiple scales are
needed to characterize the multiple stressed situation well.
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In addition to spatial scales, also the temporal component of stressor impacts needs clarification, since these impacts depend on the duration, frequency, timing and intensity of natural
conditions and disturbances, in relation to the generation times and critical periods in the
life cycle of organisms (Underwood, 1994; van der Lee, 2020). Moreover, each organism
group has a range of distribution and action in space and time, determined by e.g. dispersal
capacity and life span. The responses of macroinvertebrates to environmental changes can
vary from hours for individuals to many years for generations and assemblages (Habersack,
2000). In research and assessment of ecological conditions, the choice of a specific biotic
response metric is thus also linked to a specific spatial and temporal scale. This explains why
multiple metrics may give diverging indications of stressor impacts (Chapter 4) (Fitzpatrick
et al., 2001; Verdonschot et al., 2012).
In the present thesis, the importance of stressors acting on multiple scales was therefore
considered. In the modelling approaches developed, the relevant stressors acting on
regional, catchment, reach and habitat scales were included as key drivers of the local ecological condition (Chapter 2, 5, 6). The selected environmental stressors represented hydrological, chemical, morphological and system conditions. This thesis showed that stress
originating from agricultural land uses quantified on a catchment scale allowed to calculate
cumulative stress for a target macroinvertebrate assemblage at the reach scales (Chapter
5). In addition, we showed how data gaps and variability in nutrient concentration point
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measurements caused by local processes could be overcome.
In current research and management efforts, the focus is often limited to habitat scales.
The results obtained in the present thesis demonstrated that considering the full range of
multiple temporal and spatial scales is needed to understand and address the joint effects
of multiple stressors. Based on these increased insights it is recommended to further clarify
how multiple stressors drive ecosystem patterns and processes. This clarification can be
obtained by studying the effects of multiple stressors on local assemblages, including all
relevant stressors, not only acting instream, but also or even more on catchment- and
regional scales. This will contribute to the identification of the key factors that drive ecological conditions.

1.2

Understanding of distribution patterns

To understand species distribution patterns, theoretical assemblage rules have previously
been developed (Colorado Zuluaga, 2015; Poff, 1997). Assemblage rules are general principles that describe the driving mechanisms shaping local assemblages (Belyea and Lancaster,
1999). These driving mechanisms can be considered as filters that select species from the
regional species pool to form the local species pool (Lake et al., 2007). These filters are
dispersal constraints, environmental constraints, and biotic interactions (Fig. 2). These act
at multiple scales, highlighting the need to consider processes and constraints acting at their
respective scales to understand distribution patterns. The dispersal and environmental filters
remove species from the regional species pool that lack specific traits (Stewart-Koster et al.,
2010). Internal biotic interactions, such as predation and facilitation, will then determine
which species end up in the local species pool. How these filters function and how they are
influenced by anthropogenic disturbance is still challenging to comprehend. For instance,
the biotic filter contains complex interactions between the individual species and depends
on environmental and dispersal constraints, with additional complex aspects as stochasticity and lack of equilibrium (Colorado Zuluaga, 2015). In addition, historical events may still
influence present day distribution patterns as legacy effects (Hamilton, 2012).
Although it is still difficult to predict which species will occur where and when, we do know
that the abiotic and biotic constraints are important drivers. Therefore, in addition to continuous research investments to further increase our understanding of distribution patterns, in
any effort to model, choose and apply restoration measures in practice it is also important
to consider these drivers of assemblages. Yet, current water quality assessment systems are
mostly based on classifications using a limited set of abiotic factors (Hering et al., 2003).
Therefore, we aimed to develop a classification departing from species distribution itself.
The biology-based context constructed in Chapter 3 departed from the notion that we
cannot yet quantify all relevant filters that shape the local species assemblage. By departing
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from species composition for the delineation of assemblage types, these unknown filters
including their interactions were effectively integrated into a classification. Subsequently, the retrieved clusters were characterized using local and regional environmental data.
Here again, it was shown that the delineation of clusters could only partly be explained by
these environmental conditions. This showed the added value of departing from biology to
include the known and unknown filters, and especially the biological ones, that form the
local assemblage at a given location.
How these assemblage filters could be used in the prediction of multiple stressor impacts
was also described in the conceptual model (Chapter 2). The tools for quantifying multiple
stressor impacts on macroinvertebrates developed in Chapter 5 and 6 focussed on the
effects of environmental filters by taking a range of environmental factors as predictors.
However, also here, dispersal and interaction constraints remained difficult to quantify, due
to their strong specificity for the species and environment of interest. As simplified expressions, the presence of invasive species (as an interaction constraint) and the loss of connectivity (as a dispersal constraint) were included (Chapter 5). Including dispersal and interaction constraints in more detail asks for additional biological knowledge of species dispersal
capacities, and throphic and non-throphic interaction traits.
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It is concluded that, to move towards predictive models for simulating macroinvertebrate
responses to multiple stressors including all filters, it is needed to elucidate the mechanisms
governing dispersal and internal dynamics, and to develop ways to realistically include these

Regional species pool
Dispersal filter
Environmental filter
Interaction filter
Local species pool
Figure 2. Assemblage filters (adapted from Lake et al., 2007).
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processes. This might be done by taking a species-specific approach, or by exploring a generalized approach to account for interaction and dispersal constraints.

2

Techniques and Methods

Building on the theoretical ecological fundament, we can better quantify multiple stressor
impacts on aquatic ecosystems by a range of techniques and methods. These deal with
the ways the datasets from which we draw are formed, with framing research and making
choices about which techniques to use and which metrics and associated uncertainties
to report. Therefore, this thesis addressed the use of robust datasets, the expression of
cause-effect relationships and the use of a biology-based context, as elaborated below. In
addition to these topics, it is important to consider the appropriate response metrics (Birk et
al., 2012) and to report uncertainties (Aguilera et al., 2011; Beven and Alcock, 2012; Uusitalo
et al., 2015), which enables water managers to make informed and consistent decisions on
how to tackle multiple stressor effects.

2.1

Robust datasets

At the basis of all applications of available methods to quantify multiple stressor impacts
on aquatic ecosystems, is the construction of robust datasets. In this thesis, we had the
exceptional opportunity to use an extensive monitoring dataset from the water authorities,
covering the whole of the Netherlands, collected during regular ecological water quality
monitoring programmes (Chapters 3, 4, 5, 6). The availability of such data offers many opportunities for research, provided that the data meets the scientific quality standards. However,
in the previous chapters, we experienced that there can be differences in the choice of
1) the environmental variables to be monitored, 2) representative sampling locations and
sampling intervals, 3) the identification methods and recorded taxonomic levels of the taxa
collected and 4) the structure of datasets and their metadata. These differences in data,
influencing the applicability, might be the Achilles heel of monitoring data which is not
collected in the context of research (Friberg 2010).
For a future effective use of data, it is advised to safeguard comparability among data
collected by multiple managing parties (Bash and Ryan, 2002; Kroll et al., 2019). This can
be achieved by refining monitoring programmes depending on their goals (Hering et al.,
2010). Monitoring goals can be long-term surveillance, measuring the impact of measures
and catchment-wide stressor diagnosis, with each a different monitoring setup (Friberg,
2010; Hering et al., 2010; Jackson et al., 2016b; Kroll et al., 2019; Sabater et al., 2018). In
addition, the choice of the parameters to be monitored needs to be based on obtaining
a complete overview of the environmental factors that influence macroinvertebrate as-
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semblages over the full range of spatial and temporal scales (Chapter 5, 6). This includes
choosing ecologically relevant expressions, for instance representing flow variability and
substrate patchiness over time, that better represent the stress acting on specific organism
groups, as was described in Chapter 2. To detect patterns in abundance when individuals
are spread unevenly in space, or to detect variable temporal patterns when responses are
dependent on life stages, a nested sampling scheme can be used (Underwood, 1994). Also,
the combined use of structural and functional measures might enhance the monitoring data
usability (Feld et al., 2011; van der Lee, 2020). This will put an end to the mismatch between
what is measured and what needs to be measured to understand how aquatic ecosystems
are affected by disturbances (Feld et al., 2011). In addition, for the widespread use of data,
it is essential to standardise sampling protocols and thoroughly report the methods used,
which can be habitat- and water type-specific (Chapter 3, 4) (De Pauw et al., 2006; Kroll
et al., 2019). With consistent location selection, sampling, reporting, and widely accessible storage, we can facilitate future research, learn from previous restoration efforts and
further improve monitoring schemes for identifying multiple stressor impacts on aquatic
ecosystems.

2.2
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Expressing cause-effect relationships

Cause-effect relationships are crucial to understand how the presence and intensity of
stressors affects organism responses. Increased insight into cause-effect relationships for
specific species in the presence of multiple stressors can be gained by conducting observational and correlative studies, or manipulative experiments under controlled laboratory
conditions, in mesocosms or on a field scale, yielding causal evidence (Birk, 2018; Downes,
2010; Sabater et al., 2018).
To elucidate how stressor interactions on multiple scales affect specific organisms, stressor
combinations need to be tested in (mesocosm) experiments. Multiple stressors studied
were for instance combinations of fine sediment input, enriched nutrient concentrations,
reduced flow velocity and oxygen depletion. Whereas some studies reported mainly
additive effects (Elbrecht et al., 2016), other studies found complex interactions, sometimes
mitigating (Graeber et al., 2017), sometimes with amplified responses (Calapez et al., 2017;
Davis et al., 2018).
In addition to these manipulative experiments, statistical efforts to analyse extensive datasets
of species distributions and environmental conditions contributed to the quantification of
cause-effect relationships (Feld et al., 2016; Friberg, 2010; Gieswein et al., 2017; Glendell et
al., 2019; Villeneuve et al., 2018). These studies used various methods, such as regression
tree analysis and generalised linear modelling to understand how the impacts of multiple
stressors change along stress gradients. In a study analysing a large scale monitoring dataset
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tracking response of multiple integrative metrics and organism groups, it was found that
additive effects dominated, whereas interactions were rare (Gieswein et al., 2017). Contrastingly, a meta-analysis of experimental studies reported prevailing antagonistic effects, with
cumulative mean effect sizes being frequently less than the sum of single effects (Jackson
et al., 2016a). It seems that synergistic interactions between stressors, where the added
effects of additional stressors are enhanced, are not common (Gieswein et al., 2017; Jackson
et al., 2016a), but they still might be strongly influencing organism responses.
In this thesis, cause-effect relationships were used to parametrize simulation models, to
make predictions of the ecological condition of water bodies based on the present stressors
(Chapter 5, 6). Given the current lack of extensive experiment- or statistics-based knowledge
of relationships linking specific stressors and organism responses, a modelling approach
was selected to integrate knowledge from additional sources, such as expert-based input
(Chapter 6). By focusing on a region- and water type specific species assemblage, the used
cause-effect relationships could be tuned to this assemblage (Chapter 5, 6). However, the
interaction between stressors could not be included on a species-specific level, and a generalized approach had to be used instead.
With additional knowledge of cause-effect relationships, these modelling approaches can be
further expanded in the future. However, these relationships are not easily obtained in the
presence of multiple stressors with possible complex interactions. Knowledge of the effects
of single stressors is then insufficient to predict effects of multiple stressors (Rasmussen et
al., 2013). The nature and impact of such interactions is a main knowledge gap that hampers
proper parametrisation of prediction models and effective management of ecosystems.
Future research questions are: How relevant are interaction effects in field situations? How
does this depend on the response metric that we use to study stressor effects? How can we
picture stressor interaction effects in predictive models? Can we also directly link multiple
stressors to multiple or integrated measures? The results described in this thesis provided
the means to take the first steps in answering these questions.

2.3

Using a biology-based context

The European Water Framework Directive states that the assessment of water quality
should be water type-specific (European Commission, 2000). Water typologies indeed help
to understand the natural differences between aquatic ecosystems and the consequent differences in their responses to multiple stressors and restoration measures (Hawkins et al.,
1993; Hering et al., 2010). However, typologies are often coarse and even arbitrary delineations of aquatic ecosystems. Such delineations based on geographical, environmental,
or even geopolitical boundaries, lack any statistical and ecological support, and are thus
less suited to express differences between species assemblages (Carstensen et al., 2013), as
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these are rather driven by continuous gradients of environmental factors acting at catchment
to instream scales. Therefore, it would be more appropriate to base classification systems
on the biological characteristics of the aquatic ecosystems, by categorizing organism groups.
In the present thesis such a biology-based typology was developed in Chapter 3, where
Dutch surface waters were classified using similarity in species composition. As such, known
and unknown environmental constraints, dispersal constraints and biotic interactions were
included in the typology (section 1.2). Subsequently, the resulting species assemblage types
were linked to environmental conditions. Hence, the presently developed biology-based
classification sets the context for the development of ecological water quality assessment
methods, for the application of predictive models, and consequently also for the choice of
appropriate restoration measures.
In the future, efforts may be directed at methodological challenges, such as clarifying the
suitability of various available classification techniques, the objective delineation of clusters
at varying scale levels, with the possibility to prune hierarchical trees at different levels, the
inclusion of gradual boundaries between classes (Verdonschot, 1990), and the quantification of classification strength. In addition to that, the applicability of new typologies needs
to be further tested and refined in practice.
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3

Application

Basing the practice of water management on both advanced ecological theory and appropriate techniques and methods is crucial for restoration success. The gained ecological knowledge and the application of methods and techniques described in this thesis
can support the practice of water management in their choices of effective restoration
measures. Conversely, theory and method development are also discussed and formed
by water management itself: e.g., by their support to data collection and use, and their
feedback on remaining questions and challenges, also during this study. Thus, this science-water manager interaction works two ways, taking place between the floors of the
building in Figure 1.
In this thesis, context-specific water quality assessment, the use of simulation tools and the
importance of catchment-wide management were main themes.

Synthesis

3.1

Context-specific assessment

In the daily practice of water management, it is of high importance to consider the context
of regions and water types, both in water quality assessments as well as in the application of
tools for simulating stressor impacts and the effectivity of restoration measures.
In this thesis, it was shown that ranges and patterns of diagnostic and diversity indices can
strongly differ between water types (Chapter 4). Therefore, the choice of indices and the
interpretation of their values should consider their meaning, context-dependence and relatedness. Moreover, future assessment systems might be refined by including a context of
water type and region that is not based on a priori set boundaries, as is the case currently,
but by using a biology-based classification (Chapter 3, 4). Moreover, a tiered classification
approach using finer and courser classification steps can be useful, which can be applied
on multiple scales, depending on the management goal. Meanwhile, assessment systems
might remain similar, describing the ecological condition of a water body by the degree of
similarity to this region- and water type-specific reference community. Future efforts can
address the construction of a nested classification system based on biology. The usability of
such a system can be validated in practice, and remaining challenges such as the assignment
of strongly degraded sites to a water type can be addressed. In addition to refining assessment, such a biology-based context can also provide a way to more specifically diagnose
how stressors are acting. This in turn may aid in choosing the most effective restoration
measures.

3.2

Simulation tools

Model simulations may help to increase the understanding of ecosystem complexity, to
simulate ecological conditions in data-poor areas, to diagnose the causes of impacts in a
catchment, to support the choice for appropriate restoration measures, and to explore
future scenarios of environmental change, both as a result of increased pressures as well as
of restoration measures. In particular, integrative methods are required to combine impact
assessments of single stressors into a meaningful evaluation of their cumulative effect on
aquatic ecosystems, and hence may also provide handles for restoration (Pistocchi, 2018).
In this thesis, two ways to perform diagnostic and scenario analysis for multiple-stressed
catchments were explored (Chapters 5 and 6). In Chapter 5, a cumulative approach was
used to calculate the total stress originating from a selection of stressors on multiple scales
weighed by the impact on the macroinvertebrate assemblage. The second approach (Chapter
6) explored the use of a Bayesian Network which relates stressors in a causal network using
probabilistic relationships. Such models can contribute to the toolset of water managers,
where they can be used for diagnosing the cause of an impact on macroinvertebrates and localising the most stringent stressors in a catchment (Chapter 5), and for performing scenario
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runs to explore possible impacts of increased stress or the alleviation of single and multiple
stressors (Chapter 6). Although these models need to be developed further to obtain sufficient predictive performance, and further validated in other cases, this thesis already
showed the added value of using such models for increased insight into multiple stressor
impacts on aquatic ecosystems and on macroinvertebrate assemblages in particular.
Challenges that still need to be addressed include adjusting these models to fit specific
water types and to increase the strength of the species-specific diagnosis, including multiple
stressor interactions, improving their performance and tailoring them to the needs and
questions of the water managers. Yet, it should be considered that models remain a simplification of reality and can therefore be used meaningfully only in the context for which they
are developed.

3.3

Catchment-wide management

One of my predecessors argued that the landscape drives the stream (dos Reis Oliveira,
2019). Indeed, it is now widely shown that management aimed at catchment scales and
headwater streams is likely to be more effective than management of short stretches of
streams, by taking a spatially explicit approach, including network connectivity and upstream
conditions and land use as important drivers of restoration success (Death and Collier, 2010;
Kuemmerlen et al., 2019).
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In the present study, this was illustrated in Chapter 5 and 6, by considering environmental
stressors that act on multiple scales, ranging from instream to catchment scale. Chapter
5 took the spatial connectivity of the stream network into account, thus accounting for
addition of stress from upstream segments. This spatial explicit approach gave a more
realistic insight into stressor patterns on a catchment scale than when considering local
stressors only. Because of the importance of the entire catchment in shaping stream conditions for aquatic life, this spatial scale should also be reflected in the subsequent choice of
measures in designing catchment-wide restoration strategies.

4

Conclusions and outlook

In this thesis, biology-based approaches were explored to unravel multiple stressor impacts
on aquatic ecosystems. For this, we proposed a conceptual model structure from essential
building blocks for a model to simulate responses of macroinvertebrate assemblages to
multiple stressors. One requirement for such a model was further developed in the construction of a classification of Dutch surface waters. Here, it was shown that species composition can drive community classification not guided by a priori defined environmental or ge-
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ographical boundaries. In addition, using this classification based on biology, we found that
macroinvertebrate diversity can be more adequately expressed by considering context-dependence and relatedness of macroinvertebrate diversity indices. Within this context of biology-based water types, methods to simulate the impact of multiple stressors on macroinvertebrate-based ecological water quality were developed. A method for quantifying the
cumulative stress acting on macroinvertebrate assemblages in lowland streams was used
to increase the understanding of the reasons for the absence and presence of macroinvertebrate assemblages. The second tool illustrated how BNs can be used to increase our
knowledge of how ecosystems respond to multiple stressors. Thus, this thesis contributed
to the means to gain an improved insight into multiple stressor impacts on aquatic ecosystems. Yet, we found that, to make water quality assessment and model predictions more
robust, considerable efforts should still be devoted to better understand and include interactions between stressors.
It is concluded that an improved understanding of multiple stressor impacts on aquatic ecosystems departs from the fundament of available ecological theory, considering multiple
scales and assemblage rules. Methodological requirements are the availability of consistent
datasets, the formulation of a biology-based context, and a solid knowledge base of cumulative impacts of multiple stressors. Simulation tools for diagnostic and scenario analysis
that depart from a context of region- and water type can be further developed and tested.
In the future of water management, these components may contribute to an improved understanding of multiple stressor effects, and the subsequent formulation of catchment-wide
restoration programmes for the achievement of an improved ecological state of Dutch
surface waters. Hence, a deeper understanding of multiple stressor impacts on aquatic ecosystems may be reached by departing from biology.
I believe that it is needed to realise how we are strongly depending on and connected with
the surface waters surrounding us. In surface waters with a good ecological condition,
multiple human and societal needs are fulfilled: drinking water and food production,
drainage, transport, recreation and inspiration. Moreover, I consider that aquatic biodiversity has an intrinsic value, without the need to justify its protection by functional means. This
asks for a careful and responsible approach to safeguard the presence of well-functioning
aquatic ecosystems in the future. Using the combined knowledge of science and practice,
we can move towards an improved understanding of multiple stressor impacts on macroinvertebrates, which is required to restore multiple stressed aquatic ecosystems, and to let
their inhabitants and users thrive again.
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