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1 General introduction 

 

 

 

 

The Water Framework Directive (WFD, European Commission, 2000) is the core of Europe’s 

water policy. It requires the member states to achieve the good ecological status or good potential 

for all European surface waters by 2027. However, according to Europe’s second River Basin 

Management Plans (RBMPs) from 2015 around 60% of Europe’s surface waters still fail to achieve 

good status targets (EEA, 2018). More serious is the situation regarding the status of rivers in 

Central European countries e.g., in Germany. More than 90% of the river water bodies failed to 

achieve the WFD targets (BMUB/UBA, 2016). Whilst former strong single stressors like organic 

pollution and acidification were successfully reduced, the majority of European water bodies are 

increasingly exposed to multiple stressors arising from diverse human-caused land and water 

uses, such as agricultural and urban land use, hydropower use and climate change (Hering et al., 

2015; Schinegger et al., 2016). According to the EEA report (EEA, 2018) around 40% of Europe’s 

waters are impacted by two or more stressors. However, their impacts and combined effects are 

complex (Townsend et al., 2008) and poorly understood and, are considered as an important 

impediment to achieve the good ecological status.  

Disentangling multiple stressors is not straightforward. Acting in concert, stressors may have a 

multitude of results. Beside additive effects (equal the sum of individual stressor effects), these 

are their synergistic effects (larger than the sum of individual stressor effects) and antagonistic 

effects (smaller than the sum of individual stressor effects, Piggott et al., 2015b), which bother 

water managers. Non-consideration of multiple-stressor effects may lead to incorrect 

interpretations and, as a consequence to erroneous choices in the program of measures. Besides, 

multiple stressors differ in their strength and exhibit different effects on various aquatic organism 

groups (e.g., Feld, 2013). Therefore, identification of the individual importance of single stressors 
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(stressor hierarchy) and understanding how multiple stressors interact and jointly affect different 

aquatic organisms pose a key challenge for scientists and water managers (Hering et al., 2015). 

In the context of WFD, the biological assessment has resulted in data of ~111,000 surface water 

bodies (EEA, 2018). These survey WFD data consist of structural and functional metrics and 

supporting abiotic parameters and related pressures, which are heterogeneous with respect to 

resolution and constitute a mix of stressors at the reach scale (e.g., nutrient concentration) 

combined with broad scale proxy variables (e.g., percentage catchment urban area). Despite this 

heterogeneity, these data constitute a unique asset for multiple-stressor analyses, which can help 

to inform water managers about the stressor hierarchy and interactive stressors.  

Besides multiple-stressor effects, there are effects of single stressors, which are still understudied 

or underestimated and supposedly prevent the achievement of good ecological status required by 

the WFD. In particular, excess fine sediment deposition is recognized as a significant stressor 

affecting river ecosystems (EEA, 2018). Fine sediment is an integral component of riverine benthic 

habitats. However, intensification of land use (Foster, 2011) can considerably increase instream 

quantities of fine sediment (e.g., Collins and Walling, 2007; Owens et al., 2016) resulting in a 

variety of impairments like modification of turbidity and hydraulics (Davies-Colley and Smith, 2001; 

Karna et al., 2015) or colmatation (Schälchli, 1992). These impairments adversely affect all 

components of lotic biota (e.g., Wood and Armitage, 1997, Kemp et al., 2011; Jones et al., 2012a, 

2012b), which may lead to a decline in ecological quality. Yet, monitoring fine sediment quantities 

remains a challenging task for river managers. Currently, there is no standardised and applied 

approach to measure fine sediment contents, which is used in routinely monitoring programmes. 

This can be ascribed to the complex nature of fine sediment pollution in rivers (Wilkes et al., 2019), 

e.g., spatial and temporal variations of fine sediment input or deposition (Tuset et al., 2016). 

Besides, the knowledge of fine sediment quantities, which may affect aquatic organisms, is still 

lacking. Furthermore, a reference system to appraise fine sediment contents characterizing 

unimpaired stream conditions is still missing.  

These difficulties may be circumvented by biomonitoring. Biomonitoring tools provide a valuable 

opportunity to indicate excess deposited fine sediment. Notably, macroinvertebrate communities 

can be severely affected by increased levels of deposited fine sediment showing changes in 

density, diversity and community composition (Jones et al., 2012b). For instance, taxa favouring 

coarse substrates and grazers may decrease in abundance or can be replaced by burrowing 

species or sediment feeders. This makes macroinvertebrates an attractive choice for 

biomonitoring fine sediment stress. Several biomonitoring techniques based on macroinvertebrate 

community responses to fine sediment impairment have been developed throughout the world 

(e.g., Relyea et al., 2012; Extence et al., 2013; Murphy et al., 2015; Turley et al., 2015, 2016; 
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Hubler et al., 2016). However, indices developed in USA (Relyea et al., 2012; Hubler et al., 2016) 

are based on taxa, which normally do not occur in Europe and thus are not specific for Europe. 

Furthermore, fine sediment indices developed in Europe (Extence et al., 2013; Murphy et al., 2015; 

Turley et al., 2015, 2016) indicate fine sediment stress across various stream types and 

environmental characteristics. Preferably, macroinvertebrate-based diagnostic indices indicating 

excess of fine sediment loads should be stream-type specific as both the macroinvertebrate 

communities and the natural contents of fine sediment are specific for different stream types. 

Furthermore, a macroinvertebrate-index indicating fine sediment stress should be based on the 

taxonomic resolution used in national monitoring schemes (Turley et al., 2015). This would make 

the index cost-effective through the possibility to be calculated with existing biomonitoring data, 

and data collected in the future. 

The development of a diagnostic index for a specific stressor constitutes a decisive first step. 

However, in order to inform river managers of the condition at a sampling site, index results need 

to be expressed as levels of quality. Definition of quality classes is a substantial element in the 

design of assessment schemes. Thus, an assessment scheme makes an index usable for river 

managers and decision maker by transferring results into quality classes. Quality classes allow 

differentiating between expectable and unacceptable status and set the quality standard to be 

achieved (Birk and Hering, 2006). Consequently, failing the defined quality target is a clear signal 

to improve the status by implementing appropriate management measures. Finally, results 

expressed as levels of quality are easily understood and thus help to translate scientific output to 

river managers, policy maker and the general public.  

 

 

1.1 Scope of the thesis 

According to the previous chapter, quantified stressor effects and interactions and the knowledge 

of fine sediment impacts and an applicable assessment scheme can support water managers to 

select appropriate management measures to improve the ecological quality of riverine 

ecosystems. In light of this, the present thesis consists of three chapters. The first and the second 

chapter represent individual papers, which have been published in peer-reviewed journals 

(Gieswein et al., 2017, 2018). The third chapter is in preparation for publication. The chapters 

specifically address the following topics and associated objectives: 

  



 

12 
 

Chapter I: Additive effects prevail: the response of biota to multiple stressors in an 

intensively monitored watershed 

The first chapter addressed multiple anthropogenic stressors and their effects on aquatic flora and 

fauna. The study investigated the hierarchy and interactions of anthropogenic stressors using 

standard WFD monitoring data. For altogether 1095 sites within mountainous catchment, 12 

stressor variables were explored covering three different stressor groups: riparian land use, 

physical habitat quality and nutrient enrichment. Twenty-one biological metrics calculated from 

taxa lists of three organism groups (fish, benthic invertebrates and aquatic macrophytes) served 

as response variables. Stressor and response variables were evaluated by Boosted Regression 

Tree (BRT) analysis to identify the stressor hierarchy and stressor interactions and subsequently 

to Generalised Linear Regression Modelling (GLM) to quantify the stressors’ effect size. 

 

Chapter II: Development and validation of a macroinvertebrate-based biomonitoring tool 

to assess fine sediment impact in small mountain streams 

The main objective of the second chapter was to develop a stream type-specific index based on 

the taxon-specific response of macroinvertebrates to deposited fine sediment in small, coarse 

substrate-dominated mountain streams. For this purpose, fine sediment was sampled at 73 

sampling sites in Western Germany (Europe) in spring 2014 and 2015 using a sediment 

remobilization technique. Macroinvertebrate taxalists originating from WFD monitoring surveys 

were available for all sites. Threshold Indicator Taxa ANalysis (TITAN) was applied on the 

macroinvertebrate taxalists and the corresponding fine sediment mass of the sampling sites to 

identify indicator taxa, which were then used for index development. 

 

Chapter III: Development of a bioassessment scheme for fine sediment loads in small 

mountain streams 

The main objective of the third chapter was to establish a bioassessment scheme, which makes 

the fine sediment index (Chapter II) applicable for river managers by transferring index results into 

quality classes. For this, we used data from 489 macroinvertebrate sampling sites to derive a 

specific value for the fine sediment basic state condition (FSBS). Then five fine sediment quality 

classes (“high”, “good”, “moderate”, “poor” and “bad”) were defined indicating increasing 

deviations from the FSBS. Additionally, the influence of catchment land cover on fine sediment 

loads was analysed and change points of the DFSI along a land use gradient were identified by 

applying a Random Forest analysis. 
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2 Chapter I 

Additive effects prevail: the response of biota to multiple 

stressors in an intensively monitored watershed 

 

 

 

 

2.1 Introduction 

Worldwide, freshwater ecosystems are increasingly exposed to multiple human induced stressors 

arising from various land and water uses (Allan, 2004; Ormerod et al., 2010; Tockner et al., 2010; 

Schinegger et al., 2012, 2016; Hering et al., 2015). There is increasing evidence of the prevalence 

and biological effects of multiple stressors from marine ecosystems (Crain et al., 2008; Darling 

and Côté, 2008; Ban et al., 2014; Côté et al., 2016) and freshwater ecosystems (see Jackson et 

al., 2016, for a recent review). Understanding the biological response to multiple stressors, 

however, is not straightforward (Townsend et al., 2008) and constitutes one of the main challenges 

for aquatic ecosystem managers at present (Hering et al., 2015).  

When acting in concert, multiple stressors literally form a “cocktail” of stressors, with often serious 

adverse effects on ecosystems integrity and biological diversity (Townsend et al., 2008; Ormerod 

et al., 2010). Besides the stressors additive (i.e. individual) effects, it is their potential interaction 

that bothers ecosystem managers and conservationists. Multiple stressors can interact in 

unexpected ways (Folt et al., 1999), either reducing (antagonism) or amplifying (synergism) the 

individual effects of each stressor (Crain et al., 2008; Piggott et al., 2015b), which may lead to 

unexpected results after management (Townsend et al., 2008).  

Multiple stressors vary in their intensities and exhibit different impacts on the aquatic biota (e.g. 

Feld, 2013). For example, water quality deterioration in course of organic pollution directly affects 

the freshwater fauna, but not the flora, through oxygen depletion following bacterial decay of 
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organic waste. In contrast, nutrient enhancement directly promotes biomass production (flora), but 

only indirectly affect the fauna through secondary saprobity following the aerobic decay of the 

biomass by bacteria (Johnson and Hering, 2009). Consequently, multiple stressor interactions are 

conditional on the individual stressors selected, the stress level of each stressor and the biological 

response indicator (Côté et al., 2016; Jackson et al., 2016).  

The evidences of multiple-stressor effects in freshwater systems is primarily based on 

experimental studies (e.g. Townsend et al., 2008; Matthaei et al., 2010; Wagenhoff et al., 2012, 

2013; Piggott et al., 2012, 2015a; Jackson et al., 2016). There is no doubt that experiments helped 

to improve our knowledge about the mechanisms behind multiple stressor interactions. However, 

owed to the controlled conditions and the limited number of stressors manipulated, experiments 

do not reflect the real multiple stressor conditions that threaten freshwater ecosystem integrity at 

the continental scale (e.g. EEA, 2012b). Moreover, the data derived from broad-scale freshwater 

monitoring schemes (Birk et al., 2012) is different from experimental data with regard to the level 

of detail and temporal resolution of measurements. Often, stressors at the reach scale (e.g., 

nutrient concentration) are mixed with broad scale proxy variables (e.g., % agriculture in the 

catchment), which also introduces a mismatch of spatial scales. Irrespective of this mismatch of 

experimental and survey data, the implementation of the Water Framework Directive (WFD, 

European Commission, 2000) has resulted in data of ~120,000 surface water bodies (EEA, 

2012a), which constitutes an unprecedented asset for multiple-stressor analysis in applied aquatic 

ecology.  

Against this background, disentangling multiple stressors using survey data can be considered a 

challenge, which scientists and practitioners in river basin management need to meet. More 

knowledge is required in order to set up effective programmes of measures for Europe's waters. 

For instance, stressors acting additively can be managed hierarchically, i.e. management can 

address the stressors in order of their adverse effects on ecology (Brown et al., 2013). However, 

if stressors interact, management options are different and may not simply follow a hierarchical 

order, but require the joint management of stressors.  

The main objective of our study was to test, if data resulting from monitoring schemes can be used 

to identify multiple stressors and to disentangle their effects on the aquatic flora and fauna. More 

specifically, we aimed to identify the stressor's hierarchy and interactions, both of which are crucial 

aspects to identify the hierarchical order and spatial extent of appropriate management options. 

We used data on fish, benthic invertebrates and aquatic macrophytes to compare the effects of 

stressors on different assemblage types and we applied traits, ecological metrics and biological 

indices to test for differences between structural and functional biological response variables. The 

statistical analyses followed the recently published cookbook on multiple-stressor analysis using 
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survey data (Feld et al., 2016b) and is organised in two analytical steps: (i) investigation of stressor 

importance in order to determine the stressor hierarchy and (ii) identification of potential pairwise 

interactions between stressors, to determine the nature (antagonistic or synergistic), strength 

(standardised effect size) and significance (explained variance, p-value) of interactions.  

 

 

2.2 Materials and methods 

2.2.1 Study area 

The study area comprised the mountainous catchment of the River Ruhr in Western Germany, 

Europe (Fig. 2.1). The Ruhr Basin covers a drainage area of 4485 km2, with a stream network 

length of about 7000 km (main Ruhr course: 219 km). The entire catchment has a siliceous 

geology (mainly slate and schist) and is characterized by small to mid-sized fine to coarse 

substrate-dominated highland streams. Land cover is dominated by non-native coniferous forest 

and remnants of natural deciduous forest at the upper parts of the Basin, with agriculture and 

urbanization predominantly occurring in larger valleys (MUNLV, 2005). Even though, the water 

quality in the Ruhr Basin improved after several decades of heavy pollution (Ruhrverband, 2013), 

hydromorphology conversely is still degraded in large parts of the catchment. This is mainly due 

to physical modifications, e.g. operation of hydropower plants withdrawing a substantial portion of 

the water, bank and bed fixations, straightening, riparian modification and lack of linear 

connectivity by many barriers (MUNLV, 2005; MKULNV, 2014).  
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Fig. 2.1 Geographical location of the study catchment (left corner) and of the biological sampling sites within 

the Ruhr Basin. 

 

2.2.2 Stressor variables 

We addressed the impact of 12 environmental predictors belonging to three stressor groups on 

aquatic biota: (i) riparian land use, (ii) physical habitat quality and (iii) nutrients (Table 2.1). 

Biological stressors (e.g., invasive species; Simberloff et al., 2013) were neglected, because 

invasive species accounted for only 0.6–3% of the total richness of macrophytes, fish and benthic 

invertebrates, respectively, in our data.  
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Table 2.1 Descriptive statistics of stressors and natural factors. 

Stressor groups Stressors Units 
Number of 

sites 
Range Mean SD 

    
   

Riparian land use 

arable land % 1,070 0 - 81 2.9 8.3 

naturally-forested land % 1,070 0 - 99 24.4 21.6 

non-native coniferous forest % 1,070 0 - 98 6.1 13.2 

pasture % 1,070 0 - 100 37.7 27.0 

urban area % 1,070 0 - 100 27.3 27.0 

    
   

Physical habitat quality 

channel development continuous (1-7) 981 1.4 - 7.0 4.9 1.2 

longitudinal profile continuous (1-7) 981 1.0 - 7.0 4.7 1.2 

bed structure continuous (1-7) 914 1.0 - 7.0 3.9 1.3 

cross profile continuous (1-7) 981 1.1 - 7.0 4.5 1.3 

bank structure continuous (1-7) 981 1.0 - 7.0 4.9 1.2 

riparian structure continuous (1-7) 981 2.1 - 7.0 5.3 1.0 

    
   

Nutrients total nitrogen mg L-1 365 0.9 - 10.4 3.4 1.4 

    
   

Natural factors 
altitude m a.s.l. 1,095 24 - 628 260 117 

distance to source m 1,095 57 - 218,279 28,908 46,450 

           

 

2.2.2.1 Riparian land use 

Riparian land use was evaluated in a 20 m wide (10 m width on either side of the watercourse) 

and 1000 m long buffer strip upstream of each sampling site. Buffer strips included the main course 

and its tributaries up to 1000 m, respectively. Sites with buffer lengths <750 m (main course) were 

excluded from the analyses, because they were too close to the stream source. After spot-checks 

for quality control, we calculated the percentage of land use (ATKIS®-Basis-DLM, Official 

Topographical Cartographic Information System, spatial resolution 3 × 3 m) for each buffer using 

a GIS system. Land use data was grouped into the following categories: arable land, pasture, 

urban areas, naturally-forested land and non-native coniferous forest. Land use categories with 

<5% within a buffer were excluded from further analysis to ensure meaningful relationships 

between land use and biological response variables.  

 

2.2.2.2 Physical habitat quality 

Physical habitat quality data was evaluated according to the North Rhine-Westphalian (West 

Germany) river habitat survey method (Gellert et al., 2014). The method compares the difference 

between observed and reference physical habitat conditions and assigns a quality class between 

1 (reference) and 7 (completely altered) to a total of 31 single habitat parameters (Gellert et al., 

2014). The parameters are recorded for 100 m long sections along the entire river network and 

cover six main groups: channel development (e.g., curvature and erosion), longitudinal profile 

(e.g., flow patterns, depth variability), bed structure (e.g., substrate diversity, bed fixations), cross 
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profile (e.g., cross-section form, width variability), bank structure (bank features (e.g., woody 

debris), bank protection and bank vegetation) and riparian structure. As opposed to % riparian 

land use in the 20 m-wide buffer strip, the index riparian structure includes information on land 

use within a strip of up to 200 m width and additionally on the occurrence of detrimental and special 

landscape features (e.g. dumps, retention basin or standing water) and riparian strip.  

In our study, we only used the quality classes of the six main parameters for the analysis. For 

each biological sampling site, we averaged the main parameter's quality class of all 100 m sections 

located within the 1000 m buffer upstream that was used to quantify riparian land use.  

 

2.2.2.3 Nutrients 

Total phosphorus (TP) and total nitrogen (TN) concentrations were aimed to be used as nutrient 

stressors in the analyses. However, due to the small available number of sampling sites and a 

short gradient length, TP was excluded. Only TN was available and used to reflect regional to 

catchment-scale loads supposed to be predominantly linked to agriculture. TN data was derived 

from national WFD monitoring schemes and averaged for each site and biological assemblage, 

i.e. we calculated mean concentrations of all TN measures up to 12 month back from the sampling 

date of each organism group. 

 

2.2.3 Natural variables 

Biological response to anthropogenic stressors is conditional on natural covariates (e.g., altitude, 

stream size), which introduce natural variability (Vannote et al., 1980; Feld et al., 2016a). 

Therefore, we include two natural predictors (altitude: m a.s.l. and distance to source: m) in the 

analyses, to account for natural biological response patterns along the stream continuum. 

Thereby, distance to source is considered a proxy for stream size, while altitude reflects 

temperature and slope (current velocity) in the study area. Both variables were moderately 

correlated (Spearman's rho ~0.5), but not collinear, and were used in all statistical models. 

Distance to source and altitude data were derived from maps using a GIS. 

 

2.2.4 Biological data 

In total, data from 1095 sites were used, comprising taxa lists of three organism groups: (i) fish, 

(ii) benthic invertebrates and (iii) macrophytes. Site-specific biotic data originated from national 

WFD monitoring surveys and additional surveys conducted by the local water board 

(Ruhrverband). Benthic invertebrates were collected according to the “multi-habitat sampling” 

approach (Meier et al., 2006). Macrophytes were sampled in line with the German standard 



 

19 
 

approach (Phylib method, Schaumburg et al., 2004, 2005). Fish assemblages were sampled in 

accordance with CEN 14011 (CEN, 2003) using electroshocking devices either by wading or by 

boat (Dußling et al., 2004). A more detailed description of sampling methods for all organism 

groups is provided in Appendix in Supplementary Material.  

Overall, we used samples collected between 2006 and 2014, whereby only one sample per site 

(location) and organism group was finally considered. If multiple samples were available for the 

same site, we selected the most recent sample that was taken as close as possible to the date of 

the physical habitat quality assessment (2011−2012). This selection procedure ensured the best 

temporal comparability of biotic samples and physical habitat quality assessment. If several 

invertebrate samples were available for the same year, we selected the sample taken within the 

seasonal sample period recommended by the German protocols for the different stream types, 

i.e. spring for small and mid-sized streams with catchment sizes below 100 km2 (Meier et al., 

2006). 

 

2.2.5 Metric selection and calculation 

In total, 21 metrics (eleven benthic invertebrates, seven macrophytes metrics and three fish 

metrics) were calculated to address the anthropogenic impact (Table 2.2). Raw invertebrate taxa 

lists were taxonomical adjusted to eliminate species-poor sites with less than five taxa and 

differences in researcher-dependent bias (e.g. on the basis of differences in the determination 

level obtained).  

For all three organism groups, we calculated the Ecological Quality Ratio (EQR) which represents 

the overall assessment expressed as a ratio between the observed and the stream type-specific 

reference value (range: 0–1). Values close to one represent high status and values close to zero 

bad status (Hering et al., 2006a). Fish EQR values were calculated using the fiBS software 

(Dußling, 2009).The software Phylib (Schaumburg et al., 2004) was used to calculate 

macrophytes EQR. Benthic invertebrates EQR as well as all the other invertebrate metrics were 

calculated using the software ASTERICS, Version 4.03 (Meier et al., 2006). 

The following metrics were selected to cover the range of stressors affecting the streams in the 

Ruhr catchment.  

The German Fauna Index (GFI) indicates the effects of morphological degradation on benthic 

invertebrates (Lorenz et al., 2004), the German Saprobic Index (GSI, Rolauffs et al., 2003) 

assesses the impact of organic pollution, while the Average Score Per Taxon (ASPT, Armitage et 

al., 1983) responds to various types of degradation. The Lotic-invertebrate Index for Flow 

Evaluation (LIFE) assesses the potential impact of flow-related stress on lotic benthic invertebrate 
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communities (Extence et al., 1999). The Ephemeroptera, Plecoptera and Trichoptera orders (EPT) 

encompass largely pollution-intolerant species with relatively high habitat requirements. Thus, the 

metric %EPT primarily reacts to impairments of water quality and physical habitat quality. 

Functional feeding types are suitable to describe trophic changes, with shifts in the proportions of 

a feeding type potentially indicating food availability (e.g. % shredders linked to organic matter 

originating from riparian vegetation).  

Sum of abundance classes of submerged (SACs), emergent (SACe) and total (SAC) macrophytic 

vegetation was calculated using the abundance of each species according to the 5-point scale (1 

= very rare, 2 = rare, 3 = common, 4 = frequent, 5 = abundant, predominant) compiled by Kohler 

(1978). The values of the 5-point Kohler scale were cubed due to the fact that the relation between 

the five degrees of estimation and the actual quantity of the macrophytes can be described best 

by the function y = x3 (Kohler and Janauer, 1995; Schaumburg et al., 2004). These metrics were 

used as integrative indicators mostly related to nutrient enrichment, structural degradation and 

riparian quality.  

The total fish abundance (CPU) and biomass (BPU) expressed as catch and biomass per unit 

represent an integrative indicator sensitive to multiple pressures such as habitat quality, barriers 

and nutrient enrichment (e.g. Argillier et al., 2013).
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2.2.6 Data analysis 

2.2.6.1 Stressor hierarchy 

In a first step, we identified the importance of individual stressors and stressor groups by applying 

Boosted Regression Trees (BRT). BRT is a machine-learning method which combines a large 

number of regression (decision) trees and boosting algorithm (De'ath and Fabricius, 2000; 

Friedman et al., 2000; Friedman, 2001; De'ath, 2007; Elith et al., 2008). We chose BRT analysis, 

because it can simultaneously handle ordinal, continuous and proportional data and allows for 

correlated predictor variables. Furthermore, this technique is capable to fit non-linear relationships 

and to handle interactions between predictors. It is immune to monotone transformations of 

predictors and resistant to outliers and irrelevant predictors (Elith et al., 2008; Feld et al., 2016b). 

BRTs were set up mainly according to the procedure provided by Elith et al. (2008) and Elith and 

Leathwick (2011), with initial settings of model parameters (learning rate, bag fraction, cross-

validation, tree number) according to the recommendations by Feld et al. (2016b). All BRTs were 

run in R using the libraries “gbm” (version 2.1.1, Ridgeway, 2015) and “dismo” (version 1.0–15, 

Hijmans et al., 2016). 

In total, 21 BRT were run for each possible combination of organism group and response variable 

using all natural, riparian land use, physical habitat quality and nutrient variables as predictors. 

Model performance was expressed as percentage of explained deviance (alike R2) in the BRT and 

calculated as {[1 − (mean residual deviance / mean total deviance)] × 100}. To quantify and to 

compare the importance of single predictors between different models and across organism 

groups, we distributed the total deviance explained by each full model on the single predictors 

relative to their contributions to the full model, i.e. the sum of contributions of all predictors within 

a model is the explained deviance of the full model. 

 

2.2.6.2 Stressor interactions 

In a second step, we explored potential pairwise interactions among anthropogenic stressors 

using the BRT function gbm.interactions (Elith and Leathwick, 2011; Feld et al., 2016b). We 

considered pairwise interactions exclusively among stressor variables of different stressor groups. 

In total, 36 potentially ecologically meaningful pairwise interactions were feasible for each of 21 

models, of which only the top three most influential interactions per model were quantified using 

Generalised Linear Models (GLM). To support model convergence and increase model 

homoscedasticity, all stressor variables were Box Cox-transformed (Box and Cox, 1964) and 

subsequently centred and standardised (z-transformed) to obtain regression estimates as 

standardised effect sizes (SES). SES allow to directly compare regression estimates and to 
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arithmetically calculate interaction type (additive, antagonistic and synergistic, see Piggott et al., 

2015b; Feld et al., 2016b). For each biological response metric, a purely additive model (without 

interaction term) and an interaction model were run to estimate the SES of all significant additive 

and interaction terms (Feld et al., 2016b). For model validation, we graphically explored residual's 

normality and homoscedasticity. SES < I0.1I were considered biologically irrelevant (Nakagawa 

and Cuthill, 2007; Lange et al., 2014). 

 

 

2.3 Results 

2.3.1 General response of the three organism groups 

Across all organism groups, the 21 models explained between 11.6 and 79.2% of the total 

deviance in the response metrics (mean: 42.8%). Invertebrate models performed best (mean over 

eleven models: 59.2%), followed by fish (37.7%) and macrophyte models (20.8%, Table 2.3). 

Natural variability (altitude and stream size) was more influential on invertebrates than on fish and 

macrophytes. For nine out of eleven invertebrate metrics (excluded % Grazer/Scraper and % 

Passive Filter Feeder) both natural variables together explained more variance (range: 9.4–

51.9%; mean: 26.6%) than each stressor group in the invertebrate models. Fish (mean: 12.5%) 

and macrophytes (mean: 4.8%) showed a weak response to both natural predictors. 
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Table 2.3 Relative influence (%) of single stressors and natural factors on the three organism groups. 

Three most influential stressors for each organism group or metric type are given in bold.  

To quantify and to compare the influence of single stressors and natural factors between different models and across 

organism groups, the total deviance explained by each full model was distributed on the single predictors relative to 

their contributions to the full model.  

 
Benthic invertebrates Fish Macrophytes 

 

All metrics 
Integrative 

metrics  

Trait-based  

metrics 

      

Riparian land use 
     

% arable land 1.0 1.2 0.8 0.5 0.1 

% naturally-forested land 3.7 4.4 2.8 2.6 1.2 

% non-native coniferous forest 1.3 2.0 0.4 0.7 0.5 

% pasture 3.9 3.8 4.0 2.4 1.6 

% urban area 3.1 3.7 2.4 1.4 1.3 

      

      

Physical habitat quality 
     

channel development 3.0 2.9 3.0 1.9 1.7 

longitudinal profile 3.4 3.4 3.4 3.4 0.7 

bed structure 4.1 4.5 3.7 3.2 2.0 

cross profile 2.2 2.1 2.3 3.9 1.2 

bank structure 1.9 1.9 2.0 1.5 0.9 

riparian structure 3.1 3.6 2.4 2.6 2.0 

      

      

Nutrients 
     

TN 1.9 2.5 1.2 1.1 2.7 

      

Natural factors 
     

altitude 12.7 15.6 9.2 4.4 2.4 

distance to source 13.9 12.9 15.0 8.1 2.5 

      
      

Mean total explained deviance 59.2 64.5 52.6 37.7 20.8 

 

2.3.2 Stressor hierarchy 

The three different stressor groups considered here include a varying number of individual stressor 

variables, which also may influence the variability explained in the regression tree models (Borcard 

et al., 1992). However, the comparison of the three stressor groups focussed on the most 

important predictors of each group and their order of magnitude compared with predictors of other 

groups. 
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2.3.2.1 Benthic invertebrates 

Invertebrates showed the strongest relation to anthropogenic stressors (mean explained deviance 

over eleven models: 32.6%). Physical habitat quality predictors consistently explained the largest 

portion of the deviance in the invertebrate metrics (mean: 17.7%), followed by riparian land use 

(12.9%, Fig. 2.2).  

Among the individual physical habitat quality variables, bed structure was most influential (mean: 

4.1%, Table 3). The influence of TN on invertebrates was negligible (mean: 1.9%). EQR-I showed 

the strongest response to anthropogenic stressors. On average, the total explained deviance was 

larger for integrative metrics (e.g., EQR-I, %EPT, GFI; mean: 64.5%) than for traits (e.g., feeding 

type; mean: 52.6%). Integrative metrics, i.e. those that summarise taxonomic composition and 

abundance of communities and probably cannot be linked mechanistically to the stressors in the 

analysis, were stronger related to riparian land use, with on average 5% more deviance being 

explained in comparison to traits. 
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Fig. 2.2 Relative influence of natural and anthropogenic predictor groups on the metrics of the three 

organism groups. 

No model could be computed for the macrophyte metric EQR-M. Pie charts show mean relative importance of natural 

variables and stressor groups summarized for all metrics of each organism groups. Invertebrate metrics are divided in 

integrative (EQR-I, ASPT, %EPT, GSI, GFI and LIFE) and trait-based metrics (proportions of functional feeding types). 

 

2.3.2.2 Fish 

The response of fish to anthropogenic stressors was weak (mean explained deviance over three 

models: 25.2%), with physical habitat quality on average explaining twice the deviance than 

riparian land use (Fig. 2.2). The three most influential individual predictors were cross profile, 

longitudinal profile and bed structure. Fish were less influenced by riparian land uses and not 

affected by TN. In general, the three fish metrics showed similar response to anthropogenic 

stressor groups, while fish EQR was strongly related to the natural predictors. 
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2.3.2.3 Macrophytes 

Macrophyte models (with the exception of SAC) revealed the least influence of anthropogenic 

stressors among all organism groups tested. However, in contrast to invertebrate and fish models, 

TN on average contributed most to the explained deviance in macrophyte models (mean: 2.7%, 

Table 2.3). 

 

2.3.3 Stressor interactions 

BRT analysis identified pairwise interactions for each model (exception: EQR-F), however, only 

five interaction terms turned out to be significant and meaningful (i.e., SES > | 0.1|) in the 

invertebrates GLM models (Table 2.4). No interaction was significant for the other organism 

groups. All significant interactions were antagonistic (positive and negative), however, SES of 

most stressors and interactions were weak (SES: | 0.1 |–| 0.3 |). 

 

Table 2.4 Significant interaction terms (p < 0.05) and directional classifications determined for the metrics 

of invertebrates. 

No significant interaction terms could be identified for the fish and macrophyte metrics. The direction of individual 

stressor (a) or (b) and interaction effect (a : b) are coded as positive (+) and negative (-). Classes are: negative / positive 

antagonistic (-A) / (+A). 

Interaction term (a : b) Metric Direction of the effects Classification 

a b a : b 

bed structure : % urban area EQR-I  - + + -A 

bed structure : % urban area %EPT - + + -A 

channel development  : % urban area GSI + - - -A 

cross profile : % urban area GFI - + + -A 

cross profile : % pasture ActFilFeed + + + +A 

 

 

2.4 Discussion 

We acknowledge the importance of invasive species as a stressor (Simberloff et al., 2013) to be 

considered in multiple-stressor studies (e.g. Ricciardi and MacIsaac, 2011). However, invasive 

species in general were very rare in our study area (0.6–3% of macrophyte, fish and invertebrate 

richness, respectively) and thus not further considered. We exclusively addressed abiotic 

(environmental) stressors. 
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2.4.1 General response of the three organism groups 

In the first part of our study, we investigated the hierarchy of anthropogenic stressors, which 

influence three aquatic organism groups. Given the organism group-specific differences in life 

history strategies (Hering et al., 2006a) we anticipated different responses of fish, benthic 

invertebrates and aquatic macrophytes to the stressors addressed. In fact, invertebrates showed 

the strongest response, while fish were less responsive and macrophytes the least responsive 

group. The poor stressor effects on macrophytes might be explained by the strong effects of 

shading imposed by woody riparian vegetation (Sender, 2016). This applies in particular for the 

small mountain streams in the Ruhr Basin, where the height of the riparian vegetation exceeds 

the width of the streams and riparian shade inhibits macrophyte growth even under natural 

conditions (Vermaat and Debruyne, 2003). The relatively species-poor and often patchy 

distribution of macrophytes in the Ruhr Basin apparently renders them poor indicators of 

anthropogenic impacts in small mountain streams (Hering et al., 2006b).  

Regarding the natural factors, our findings showed that both altitude and distance to source were 

strong predictors in almost all models and explained much of the variance in invertebrate metrics, 

while their influence on fish was lower and the least for macrophytes. Both natural factors are 

linked to stream size, which comes along with changes in the water temperature and channel 

slope (current velocity); both usually decrease with decreasing altitude. It is well known that 

macroinvertebrates respond sensitive to these natural changes along the stream continuum 

(Statzner and Borchardt, 1994). Although such size effects are also well reported for fish (e.g. Le 

Pichona et al., 2017) and macrophytes (e.g. Schneider et al., 2001), they were less apparent in 

our study. This finding suggests that both natural variables considered here do not shape riverine 

communities independently (e.g. via current velocity or temperature), but instead come along with 

anthropogenic disturbance, i.e. natural factors and anthropogenic stressors are co-correlated. 

 

2.4.2 Stressor hierarchy 

Upstream river habitat degradation was the dominant stressor group for the river fauna in this 

study. Among individual stressor variables, the bed physical habitat structure had on average the 

strongest effect on invertebrate metrics, with worse bed structure leading to a decline of integrative 

assessment metrics (e.g. EQR, ASPT or %EPT). In addition to bed physical habitat structure, fish 

were primarily affected by the cross and longitudinal profile structure, with worse structure leading 

to a general decrease of fish metrics. These results indicate the importance of substrate diversity 

and meso-habitats (e.g., pools, runs, riffles, woody debris) for the river fauna and additionally the 

significance of water column habitat attributes for fish, e.g. depth and width variability and flow 
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diversity. Jointly, these findings underline the important role of upstream river habitat quality 

affecting local stream assemblages, as opposed to the local habitat quality at a site (Sundermann 

et al., 2013; Leps et al., 2015). Lorenz and Feld (2013), who focussed on the effects of upstream 

habitat structure on local invertebrate and fish EQR in terms of restoration success, showed the 

importance of upstream habitat quality up to a distance of five kilometres. Similarly, Kail and 

Hering (2009) detected significant influence of upstream habitat structure in small mountain 

streams on local invertebrate EQR up to 2.5 km upstream. These findings imply that local stream 

assemblages integrate and reflect the physical habitat conditions further upstream and thus 

underline their suitability as integrative indicators. 

The influence of upstream riparian land use was generally subordinated in comparison to physical 

habitat quality across all organism groups. However, in comparison to fish and macrophytes, 

invertebrates were generally stronger related to riparian land use, with the strongest individual 

influence observed for % pasture and % naturally-forested land. This indicates the importance of 

the presence or absence of trees in upstream riparian area for benthic invertebrates. The presence 

of woody riparian vegetation over stretches of several hundreds of metres can improve micro-

habitat conditions with benefits for invertebrates, e.g. by supplying organic matter (leaf litter, large 

wood), root wads and by preventing bank erosion (Allan, 2004). In comparison to benthic 

invertebrates fish were less affected by riparian land uses from 1 km upstream. One explanation 

for the weak relationship might be that this distance is too short to impact fish. For instance, Feld 

(2013) showed stronger influence of riparian land use on fish with increasing buffer lengths from 

one to ten kilometres upstream. Moreover, Roy et al. (2007) showed that fish assemblages were 

stronger related to catchment land cover compared with riparian land cover in the 1 km and 200 

m reach, respectively. These findings might reflect the larger travel distances, i.e. the dispersal 

capability and migration behaviour of fish in comparison to benthic invertebrates. Therefore, we 

assume stronger effects of riparian land use for fish if longer buffer strips would have been 

included into the analysis. In conclusion, appropriate spatial scales need to be selected to detect 

biological responses in a multiple-stressed environment and to avoid misinterpretation. 

Generally, our findings suggest that nitrogen is less important as compared to physical habitat 

quality and land use variables for all three organism groups. Although the influence of TN was 

rather weak, however, macrophytes showed a comparatively strong relationship, which is likely to 

be due to the direct physiological effect of TN on biomass production (Carr and Chambers, 1998; 

Mebane et al., 2014). Benthic invertebrates and fish are rather indirectly related to nutrients, but 

instead respond to oxygen depletion (Rolauffs et al., 2004; Friberg, 2010) following plant biomass 

decomposition by aerobic bacteria (secondary saprobity). These results highlight that stressors 

can be directly (i.e. mechanistically) or indirectly (i.e. empirically) linked to a target organisms 
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group. To obtain better insight into the mechanistic relationships underlying the multiple-stressors, 

more and reliable data on “direct stressors” (e.g., nutrients, biological oxygen demand, water 

temperature, flow, fine sediment pollution, pesticides, micropollutants) are needed, yet rarely 

covered in national monitoring schemes. 

In other studies, particularly benthic invertebrates were shown to be reliable indicators of changes 

in nutrient enrichment (e.g. Hering et al., 2006b; Dahm et al., 2013). The weak role of TN for 

invertebrates in our study may also be attributable to the short gradient length of this stressor 

(range: 0.9–10.4 mg L−1, mean 3.4 mg L−1). The same may apply to total phosphorus, which also 

revealed a short gradient in our data and which however was not included in the analysis due to 

the small sample size. This emphasise the importance to take gradient length into account with 

multiple stressor analyses (Feld et al., 2016b) and indicate that eutrophication is less a strong 

pressure for the mid-mountainous streams and rivers in the Ruhr Basin. 

 

2.4.3 Stressor interactions 

In recent years, several review studies across aquatic ecosystems underlined that interactive 

stressor effects seem to be prevalent in the aquatic environment (e.g. Crain et al., 2008; Nõges et 

al., 2016; Piggott et al., 2015b; Côté et al., 2016; Jackson et al., 2016; Schinegger et al., 2016), 

with a clear dominance of antagonistic interactions (Jackson et al., 2016). However, in our study 

significant and meaningful stressor interactions were generally rare, though the few that were 

found were all antagonistic, too. We assume that our findings are related to the type of biological 

response variables considered. Many metrics considered here are integrative measures of 

community composition and structure and, as such, lack a mechanistic relationship to stressors, 

or integrate the effects of different stressors. For example, %EPT taxa summarises the 

composition of mostly sensitive Ephemeroptera, Plecoptera and Trichoptera taxa among benthic 

invertebrates. While each individual species within the EPT taxa may reveal a mechanistic 

relationship to oxygen depletion or habitat degradation, the EPT community as a whole can 

respond in various ways to these stressors. The response is conditional on each species individual 

oxygen demand or habitat preference, and thus integrates the response of the entire EPT 

community. Based on our results, integrative metrics are well suited to integrate the response of 

different stressors, but reveal less meaningful interactions, a finding which is likely to be applicable 

to other regions and ecosystem types. 

Comparing the integrative with the trait-based invertebrate metrics, our results showed on average 

stronger response to selected stressors of integrative metrics (64.5%, mean of the total explained 

deviance) compared with traits (52.6%). Integrative metrics are widely used in monitoring schemes 
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(Birk et al., 2012) and were developed, validated and intercalibrated for ecosystem assessment 

throughout Europe (Poikane et al., 2014). They are supposed to reflect and integrate a range of 

stressors based on their sensitivity to human disturbances, primarily to organic pollution, 

hydrological, morphological or land use factors (Hering et al., 2004). This could explain their 

superior response to the integrative nature of upstream river habitat quality and riparian land use, 

though integrative metrics are less suitable to detect interactions (see above). Trait-based metrics, 

conversely, offer sufficient characteristics to allow a mechanistic link to stressor variables and 

have been already shown to represent helpful indicators in multiple-stressor analyses (Lange et 

al., 2014). Yet, trait-based metrics were likewise insensitive to detect stressor interactions in our 

data. This could be due to the heterogeneous and integrative nature of the stressors (e.g. % 

riparian land use). Therefore, we suggest that both, response and stressor variables, which 

provide a potential mechanistic link, can support and facilitate the understanding of interacting 

stressors. 

 

2.4.4 Management implications 

The knowledge of the quantifiable responses of aquatic organism groups to multiple stressors is 

necessary in order to identify adequate management measures. It is widely assumed that non-

additive interactions constitute a “worst-case” scenario and serious challenges for river basin 

management (e.g. Folt et al., 1999; Brown et al., 2013). The relative minor role of complex 

interactions and thus the prevalent additive stressor effects based on the monitoring data used in 

this study indicate that the selected stressors are acting independently of each other. 

Consequently, this might be regarded as the “best case” for river basin management as the 

stressors can be addressed individually without tackling complex interactions among stressors. 

Therefore, reducing the effect of any of the individual stressor would result in a benefit. This holds 

true for integrative metrics, which were used in our study and are also standard in monitoring for 

the WFD. To learn about stressor interactions, and thus to fine-tune measures, response metrics 

and environmental variables enabling mechanistic linkages would be an important addition. 

In the Ruhr Basin, and in comparable catchments in lower mountainous areas, priority measures 

should ideally focus on structural improvements, as the physical habitat degradation was 

influencing river fauna most strongly. Particularly, increasing the quality of the bed structure (e.g. 

substrate diversity) would lead to benefits for invertebrates and in addition enhancing the attributes 

of the water column habitat for fish. Simultaneously, protection and improvement of riparian 

vegetated buffers need to be performed to mitigate catchment-wide land use impacts. 
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3 Chapter II 

Development and validation of a macroinvertebrate-based 

biomonitoring tool to assess fine sediment impact in small 

mountain streams 

 

 

 

 

3.1 Introduction 

While fine sediment (mineral and organic particles <2 mm in size) occurs naturally in riverine 

benthic habitats, agricultural and forestry practices or urban development can considerably 

increase the natural delivery of fine sediment to rivers (Wood and Armitage, 1997; Collins and 

Walling, 2007; Owens et al., 2016). An excess of suspended or deposited fine sediment loads 

causes a variety of impairments, for instance modified turbidity and hydraulics (Davies-Colley and 

Smith, 2001; Karna et al., 2015), siltation (Graham, 1990), and clogging of interstitial spaces 

(Schälchli, 1992; Rehg et al., 2005). These impairments can have significant impacts on aquatic 

biota (Ryan, 1991; Waters, 1995; Wood and Armitage, 1997; Bilotta and Brazier, 2008), e.g. on 

macrophytes (Jones et al., 2012a), fish (Kemp et al., 2011), diatoms (Jones et al., 2014) and 

macroinvertebrates (Jones et al., 2012b). Compared to suspended particles, sediment deposition 

on streambeds or sediment infiltration into streambeds is of far greater importance due to its long-

term ecological impact (Campbell and Doeg, 1989). This is of concern, as an excess of fine 

sediment can alter stream communities, which may in turn lead to a decrease in ecological quality.  

The EU Water Framework Directive (WFD, European Commission, 2000) requires that member 

states protect and improve the ecological status of EU waters. Although an excess of deposited 
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fine sediment is acknowledged as a substantial stressor affecting river ecosystems (EEA, 2018) 

and the reduction of its input into rivers is considered in recent River Basin Management Plans 

(MKULNV, 2015), we still lack knowledge about natural instream quantities and how fine sediment 

affects individual species and entire aquatic communities.  

Standardised protocols to quantify the amount of deposited fine sediment are still in dispute. A 

variety of techniques to quantify deposited fine sediment in streams exists (Bunte and Abt, 2001; 

Sutherland et al., 2010; Clapcott et al., 2011). These techniques range from visual estimation of 

the proportion of the habitat covered by fine sediment (Rabení et al., 2005), accumulation 

approaches like sediment traps (Kozerski, 2002), sediment remobilization techniques (Lambert 

and Walling, 1988; Duerdoth et al., 2015) and up to freeze-core methods (Carling and Reader, 

1981). Except the visual assessment method, none of these specific approaches to estimate fine 

sediment, however, is used routinely in monitoring programmes. This may be due to the effort and 

costs associated with most of these methods. Nonetheless, excessive fine sediment deposition is 

likely to be a common, but yet understudied threat to rivers, thus, there is a demand for a cost-

effective assessment method. 

Generally, bioindication is a straightforward tool to rate the effects of various stressors affecting 

the biota (Friberg et al., 2011). For instance, macroinvertebrates are widely applied as biological 

indicators reflecting the effects of organic pollution, acidification, habitat degradation or flow 

alteration, and a variety of indices have been developed to assess the response of 

macroinvertebrate communities to these stressors (Extence et al., 1999; Rolauffs et al., 2003; 

Lorenz et al., 2004; Bonada et al., 2006; Hering et al., 2006a). Beyond that, macroinvertebrate 

communities can be severely affected by increased levels of deposited fine sediment. For 

instance, increased surface deposition of fine sediment alters the substrate characteristics directly 

resulting in loss of coarse substrates for attachment (Ryan, 1991) and in qualitative and 

quantitative reduction of periphyton as food resource (Graham, 1990; Broekhuizen et al., 2001). 

However, infiltration of fine sediment into interstitial spaces (subsurface deposition) leads to 

considerably stronger effects, which is particularly important for streams with coarse-grained 

substrates (Evans and Wilcox, 2014). Many macroinvertebrate taxa use interstitial spaces as 

habitat, particular for early instar larvae, and as refugia during floods (Waters, 1995). Therefore, 

a loss of interstitial spaces exposes macroinvertebrates to predation and floods (Sedell et al., 

1990), thus increasing drift rates (Suren and Jowett, 2001; Larsen and Omerod, 2010). In addition, 

clogged interstitial spaces can reduce the connectivity between benthic and hyporheic zone and 

diminish oxygenation of the hyporheic zone (Ryan, 1991; Waters, 1995; Wood and Armitage, 

1997). As a consequence, fine sediment enrichment can change macroinvertebrate density, 

diversity and community composition (Quinn et al., 1992; Matthaei et al., 2006). Taxa preferring 



 

34 
 

coarse substrates, grazers and species using the interstitial as shelter can be replaced by 

burrowing species, sediment feeders and species tolerating oxygen depletion such as certain 

chironomids or oligochaetes (Wood and Armitage, 1997; Cottam and James, 2003; Kaller and 

Hartman, 2004; Townsend et al., 2008; Larsen and Omerod, 2010). 

Although the mechanisms causing sensitivity and tolerance are not fully understood, the various 

links between fine sediment and macroinvertebrates makes them an attractive choice for 

assessing the impact of fine sediment entry. Consequently, there is a remarkable interest in 

developing macroinvertebrate-based diagnostic indices that serve as a surrogate for conventional 

sediment measurements techniques (e.g., Relyea et al., 2012; Extence et al., 2013; Hubler et al., 

2016; Turley et al., 2016).  

A prerequisite for developing diagnostic indices is a classification of macroinvertebrate taxa 

regarding their sensitivity to increased fine sediment deposition. There have been several attempts 

to derive diagnostic indices based on the response of benthic invertebrate assemblages to 

deposited fine sediment loads (e.g., Zweig and Rabeni, 2001; Relyea et al., 2012; Extence et al., 

2013; Murphy et al., 2015; Turley et al., 2015; Hubler et al., 2016), all of which used various 

sediment quantification techniques and were unspecific in terms of stream type. 

We feel that a diagnostic index indicating an excess of fine sediment loads needs to be stream-

type specific. As both, natural benthic invertebrate communities and the natural amounts of fine 

sediment loads are stream-type specific, an indication of excessive loads is most sensitive if the 

development is limited to samples of a single stream type. Furthermore, the development of a 

stressor-specific index should ideally align with national monitoring schemes (Extence et al., 2013; 

Murphy et al., 2015; Turley et al., 2015). This ensures that a new index could be calculated with 

existing biomonitoring data, and data collected in the future, without additional costs and efforts. 

A biomonitoring tool that relies on the standardised sampling methods and taxonomic resolution 

makes the most use of existing data.  

The specific objective of our study was to develop a stream type-specific biological index, which 

reflects the fine sediment conditions in small mountainous gravel-bed streams. The approach is 

based on responses of individual macroinvertebrate taxa to fine sediment deposition. We used 

available macroinvertebrate taxa lists resulting from standard WFD monitoring schemes. Fine 

sediment samples were collected using a standardised methodology. Furthermore, we tested the 

performance of the index on an independent data set and compared the results of the newly 

developed index with fine sediment indices developed in the UK, which have not adopted a 

stream-type specific approach, and standard WFD metrics.  
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3.2 Material and Methods 

3.2.1 Study area and sampling sites 

Macroinvertebrate and fine sediment samples were taken at 73 sampling sites in Western 

Germany (Europe, Fig. 3.1 and Table S1 in Supplementary Material). The study area has a 

siliceous geology (mainly slate and schist) and the river systems consists predominantly of small 

to mid-sized coarse substrate-dominated mountain streams and rivers (MKULNV, 2015). All 

sampling sites belong to the WFD stream type “small, coarse substrate-dominated mountain 

streams” (according to the national German stream typology: Pottgiesser and Sommerhäuser, 

2008). We selected this stream type as it is the most common stream type in Germany with more 

than 18,000 km in length (Pottgiesser and Sommerhäuser, 2008) and as it was reported by federal 

agencies to be severely affected by the clogging of interstices resulting in serious adverse effects 

on macroinvertebrates. It corresponds to the European river type 9 (mid altitude, siliceous, small) 

according to Lyche-Solheim et al. (2015), which includes 10.5% of all European river water bodies.  

The sampling sites were selected from a large pool of national WFD macroinvertebrate surveys. 

In order to achieve the study objectives, site selection required to cover a large gradient of 

deposited fine sediment. Different approaches can be applied to reflect fine sediment gradient. 

For instance, Murphy et al. (2015) used process-based model estimates of sediment delivery to 

streams. In our study, we based the site selection process on GIS analysis to cover a large 

gradient in riparian land use, which potentially represent a gradient of deposited fine sediment 

(e.g., Sutherland et al., 2010; Feld et al., 2018). 

We used macroinvertebrate taxalists resulting from national WFD monitoring, which were provided 

by the North Rhine-Westphalian State Environment Agency (LANUV, © Land NRW). The 

sampling of macroinvertebrates was performed according to the standard national "multi-habitat 

sampling” approach (Haase et al., 2004; Meier et al., 2006, a short description is provided in 

Supplementary Material). The fine sediment masses were sampled using a sediment 

remobilization technique (chapter 3.2.2.1). To ensure the best temporal comparability of fine 

sediment and macroinvertebrate samples, sites were restricted to the most recent available 

macroinvertebrate samples (maximum deviation ≤ three years). Fifty-one of the sampling sites 

form the calibration data set and were sampled in spring 2014 for deposited fine sediment and 22 

sites constituted the validation data set, which were sampled in spring 2015. 
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Fig. 3.1 Location of the study area (left corner) and the distribution of 73 sites sampled for deposited fine 

sediment, 51 of which form the calibration dataset (circles) and 22 of which form the validation data set 

(triangles). 

 

3.2.2 Environmental data 

3.2.2.1 Deposited fine sediment sampling and laboratory processing 

Deposited fine sediment was sampled to a depth of approx. 10 cm using the sediment 

remobilization technique adapted from Duerdoth et al. (2015), which was first described by 

Lambert and Walling (1988) and refined by Collins and Walling (2007). This technique enables 

quantification of deposited sediment by stirring streambed sediments in an open-ended tube.  

The local deposition and retention of fine sediment in stream channels is determined by the local 

stream hydromorphology including flow conditions, riffle-pool structures, streambed slope (e.g. 

Evans and Wilcox, 2014, Naden et al., 2016). Therefore, prior to sampling, each stream reach of 

50 m (equivalent to a stream section used for benthic invertebrate sampling) was visually 

assessed from the bank and divided into run, riffle and pool habitats followed by an estimation of 

the percentage cover for each habitat present, to consider the variability in sediment levels 

between different habitats (Clapcott et al., 2011). Subsequently, two representative randomly 

selected run, riffle and pool habitats were sampled, respectively. 

The habitats were approached from downstream for the sampling of deposited fine sediment. An 

open-ended, stainless steel cylinder (height 75 cm, diameter 48.5 cm) was placed at the selected 

patch onto the streambed (Fig. S4, Supplementary Material). To adjust the cylinder to the hard-
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bottomed streams and prevent winnowing, we used a rubber pipe insulation placed around the 

end of cylinder in combination with fixed film of thick PVC. After ensuring a tight seal with the 

substrate, we measured the water depth at five randomly selected spots within the cylinder. Then, 

in order to bring the fine sediment into suspension, we manually disturbed and stirred the upper 

10 cm of the streambed within the cylinder for 15 seconds using a metal rod followed by vigorously 

stirring the water for 15 seconds with a paddle. We chose the stirring time of 15 seconds since 

Clapcott et al. (2011), who tested different stirring times, showed that 15 seconds are sufficient to 

obtain accurate samples. Subsequently, a representative sample of remobilized fine sediment 

within the cylinder was collected immediately. For this, we immersed an inverted 250 ml vial to the 

bottom and filled it by turning it upright and bringing it to the surface against the direction of stirring. 

To maximize consistency of the results, all samples were taken by the same team of two operators 

with one major operator for disturbing/stirring. An additional control water sample was taken from 

the surface water. Fine sediment samples and the control sample were frozen and kept in the dark 

until laboratory analysis. 

In the laboratory, samples were first defrosted and then dried to a constant weight in a pre-heated 

oven at 105 °C overnight (Duerdoth et al., 2015). This was followed by cooling in a desiccator 

before weighing.  

To analyse sediment grain size distribution, we divided the dried samples into two different 

fractions: (i) sand fraction (particles with a diameter of 2 – 0.064 mm) and (ii) silt and clay fraction 

(≤0.063 mm). The fractionation of the samples was performed by dry sieving. Each sample (250 

ml vial) was treated independently. The sediments were passed through a 2 mm sieve and 

subsequently through a sieve with a mesh size of 0.063 mm. Particles with a diameter of >2 mm 

were discarded. In a second step, the mass of organic and inorganic proportion was determined 

following Duerdoth et al. (2015). After weighing all fractions, the samples were ashed in a pre-

heated muffle furnace at 500 °C for 60 minutes and cooled in a desiccator for 15 minutes to 

balance temperature before weighing them again. This cycle of ashing, cooling and weighing was 

repeated until a constant weight was obtained. The weight loss on ashing of the sediment 

represents the mass of organic matter in the sample. 

The depth of water measured in the steel cylinder was used to transform the laboratory weights 

to a mass of fine sediment per m2 streambed (Clapcott et al., 2011; Murphy et al., 2015; Duerdoth 

et al., 2015). The mean value per habitat (runs, riffles, pools) was calculated from the two sampled 

patches per habitat. The average deposited fine sediment at the sampling site (50 m) was 

calculated by multiplying the percentage cover of the three habitat types with the respective 

average fine sediment mass. Our aim was to estimate fine sediment quantity, which is 

representative for the total area of each sampling site.  
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3.2.2.2 Additional environmental parameters 

Increased fine sediment supply to streams is often associated with human activities, e.g. erosion 

from agricultural land and coniferous forests, or urban development (e.g., Wood and Armitage, 

1997; Collins and Walling, 2007; Stewart et al., 2015; Owens et al., 2016). However, fine sediment 

entry is also a natural process including erosion of upland surface soils, streambank erosion or 

resuspension of bed sediments (Collins and Walling, 2007; Wilson et al., 2008; Purvis and Fox, 

2016). To examine the relationships between land uses, natural factors and the deposited fine 

sediment loads at the sampling sites, we calculated land cover percentages (ATKIS®-Basis-DLM, 

Official Topographical Cartographic Information System, spatial resolution 3 × 3 m) for the entire 

watershed and riparian zone (10 m buffer width on either side of the watercourse up to the source) 

upstream of the sampling sites, the distance from source (Dfs) and the streambed slope (Table 

3.1). We investigated the riparian zone up to the source, as the whole of the channel upstream is 

subjected to lateral fine sediment inputs. Thus, riparian land cover along the whole channel 

upstream will likely influence sediment quantity in individual sampling sites (Feld et al., 2018). 

Land cover data was grouped into the following categories: arable land, pasture, urban areas, 

naturally-forested land and non-native coniferous forest. The distance from source (m) was 

derived from maps using a GIS. The streambed slope was extracted from a GIS shapefile provided 

by the North Rhine-Westphalian State Environment Agency (LANUV, © Land NRW). The 

streambed slope (‰) is generated on the basis of a digital elevation model for each 100 m stretch 

of the river network. Thereby, distance from source is considered a proxy for stream size, while 

streambed slope reflects flow velocity.  
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Table 3.1 Descriptive statistics of riparian and catchment land cover and natural factors for the 51 sites of 

the calibration data set. 

Environmental variable groups Environmental variables Units Range Mean SD 

      

Riparian land cover 

 

Arable land % 0–31 3.5 5.2 

Naturally-forested land % 0–52 25.5 13.3 

Non-native coniferous forest % 0–100 23.8 23.7 

Pasture % 0–64 35.1 17.5 

Urban area % 0–62 11.1 12.6 

   
   

Catchment land cover 

Arable land % 0–65 13.5 11.7 

Naturally-forested land % 4–48 23.1 10.7 

Non-native coniferous forest % 1–81 32.1 23.1 

Pasture % 1–39 18.7 10.3 

Urban area % 0–43 12.5 11.5 

   
   

Natural factors 
Streambed slope ‰ 1.6–30.6 11.6 7.1 

Distance from source km 1.4–28.3 9.0 6.0 

         

 

3.2.3 Statistical analysis 

3.2.3.1 Index development 

Our specific objective was to develop a deposited fine sediment index (DFSI) based on taxon-

specific responses to the fine sediment stressor gradient. We applied Threshold Indicator Taxa 

ANalysis (TITAN, Baker and King, 2010) to the community composition and fine sediment data. 

TITAN enables an indicator species analysis and simultaneously allows the identification of a 

change point along a stressor gradient for each taxon. TITAN calculates Indicator Value scores 

(IndVal scores, following Dufrêne and Legendre, 1997) using abundance-weighted occurrence 

frequencies for each particular taxon. Subsequently, TITAN standardises them to z-scores, 

relative to the mean of randomized permutations from the observed IndVal and SD of permuted 

samples [(IndVal score – mean)/SD]. The standardisation to z-scores describes the magnitude of 

response for each given taxon relative to its variability of abundance and occurrence; i.e., rare or 

infrequently occurring taxa with smaller IndVal scores can have high z scores if they show an 

abrupt response along the stressor gradient (Baker and King, 2010). Furthermore, TITAN assigns 

each taxon a direction of response, i.e. (z-) taxa with a negative response (decreasing) and (z+) 

taxa with a positive response (increasing) along the stressor gradient. The quality of response for 

each taxon is expressed by purity and reliability and is gained from a bootstrap resampling 

technique. Purity is the proportion of bootstrap replicates showing consistency in the response 

direction (i.e. z+ or z-). Permutation procedures are used to estimate the reliability (proportion of 
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the bootstrap replicates having IndVal p-values less than the specified probability level, e.g. p < 

0.05). TITAN was performed in R using the script provided by Baker and King (2010) with initial 

settings of 250 random permutations and 500 bootstrap replicates. 

Prior to analysis, we adjusted the macroinvertebrate taxa lists for each sampling site by raising 

specimens identified to lower taxonomic levels (e.g. species) to all higher taxonomic levels (e.g. 

genus, family) given in the taxa list, and simultaneously retaining the lower taxonomic levels. For 

instance, a specimen was counted as Baetis rhodani, but also as Baetis sp. and as Baetidae Gen. 

sp. With this adjustment, we accounted for possible identification bias and enabled the 

development of sensitivity scores for higher taxonomic levels. As TITAN runs on an individual 

basis, the individual adjustments did not affect the performance of the other taxa in the analysis. 

Taxa occurring in less than five sites were deleted, because these taxa are too infrequent to 

appraise interpretable responses and thus sensitivity scores (Baker and King, 2010). Furthermore, 

we log-transformed the fine sediment mass data in order to reduce the influence of sites with very 

high amounts of fine sediment. 

All taxa exhibiting a reliability value of ≥ 0.7 were considered as reliable indicators for the 

subsequent development of the DFSI. Baker and King (2010) recommend reliability value of ≥ 

0.95. By complying this quality criterion, only 18 reliable indicator taxa could have been included 

for the index development. Having carefully weighed the advantage of (i) high reliability value and 

a low number of indicator taxa and (ii) a larger number of indicator taxa with lower reliability values, 

we reduced the reliability value to ≥ 0.7. We are aware, that by applying this procedure, we 

included taxa, which are less strong indicators, but we obtained a larger number of indicator taxa 

(N = 95) to develop a more robust index. Furthermore, taxa with smaller reliability values have 

generally smaller z-scores (Table S3 in Supplementary Material) and thus have less weight in the 

index (Eq. 3.2). 

For the index development, we selected an approach, which is based on three parameters for 

each given taxon: (i) indication value for the fine sediment impact, (ii) abundance and (iii) weighting 

factor. This approach to index development has e.g. been used for the German Saprobic Index 

(Rolauffs et al., 2003).  

The specific indication value for each taxon was calculated as the median fine sediment mass of 

all sampling sites where a given indicator taxon was present. The number of individuals of each 

taxon was converted into an abundance class. We used a statistical abundance distribution 

already applied for the calculation of the German Saprobic Index (Eq. 3.1). The weighing factor 

was obtained from the TITAN results. Although TITAN provides three values for each taxon 

(change point along the fine sediment gradient, direction of response and z-score), we solely used 
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the z-score for the DFSI, which represents the strength of the response to the fine sediment 

gradient.  

 

𝑓(𝑛) =

{
 
 
 
 

 
 
 
 
0 𝑓𝑜𝑟 𝑛 = 0
1 𝑓𝑜𝑟 0 < 𝑛 < 2.5
2 𝑓𝑜𝑟 2.5 ≤ 𝑛 < 10.5 
3 𝑓𝑜𝑟 10.5 ≤ 𝑛 < 30.5
4 𝑓𝑜𝑟 30.5 ≤ 𝑛 < 100.5
5 𝑓𝑜𝑟 100.5 ≤ 𝑛 < 300.5 
6 𝑓𝑜𝑟 300.5 ≤ 𝑛 < 1000.5 
7 𝑓𝑜𝑟 1000.5 ≤ 𝑛

 

Eq. 3.1 Conversion of the abundance of each taxon into seven abundance classes. 

 

The three factors were then combined in Equation 3.2. The sum of each individual taxon’s median 

(𝑚𝑒𝑑) multiplied by the corresponding z-score (𝑧) and the abundance class (𝑓(𝑛)), was divided by 

the sum of z-score multiplied by the abundance class. Higher index values indicate higher fine 

sediment impact.  

 

𝐷𝐹𝑆𝐼 =  
∑ 𝑚𝑒𝑑𝑖  ∙  𝑧𝑖 ∙ 𝑓(𝑛𝑖) 𝑖

∑ 𝑧𝑖 ∙ 𝑓(𝑛𝑖) 𝑖 
 

𝑖: each indicator taxon 

Eq. 3.2 Formula used to calculate the deposited fine sediment index (DFSI). 

 

3.2.3.2 Validation of the DFSI 

We validated the DFSI using an independent data set that was compiled in 2015 from 22 sampling 

sites (Fig. 3.1) in two other studies (Otte, 2016; Schütt, 2016). Fine sediment data were collected 

using the same methodology as described above. When compared to the sampling year of the 

calibration data set, 2015 showed small increases in precipitation depths and runoff and lower 

temperatures in winter and spring (Supplementary Material, Fig. S1-3). Nonetheless, those 

differences were in the range of the overall long-term mean. 

The macroinvertebrate taxalists of the validation data set originated mainly from WFD monitoring 

schemes and were provided by the North Rhine-Westphalian State Environment Agency (LANUV, 

© Land NRW). For each taxalist, the DFSI was calculated.  

The performance of the DFSI was evaluated using the Spearman’s rank correlation. For this 

purpose, we correlated the calculated DFSI values against the fine sediment loads of the validation 

data set. 
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3.2.4 Biological indices testing 

We assessed and related the performance of the DFSI to six biological indices (Table 3.2) to 

ascertain if the DFSI provide deeper insights into the fine sediment detection and additional 

explanatory power. Two of the indices were recently developed in the UK to detect fine sediment 

stress: the Combined species-level Fine Sediment Index (CoFSIsp, Murphy et al., 2015) and the 

Proportion of Sediment-sensitive Invertebrates (PSI, Extence et al., 2013). Fine sediment indices 

were also developed in the USA (Zweig and Rabeni, 2001; Relyea et al., 2012 and Hubler et al., 

2016). However, taxa occurring in America normally do not occur in Europe. Therefore, we 

restricted the comparison on fine sediment indices developed in Europe. The other four indices 

are established and in Germany widely applied biological metrics (further on called benchmark 

metrics). These benchmark metrics are: The German Fauna Index (GFI), which evaluates the 

impact of habitat degradation on the macroinvertebrate fauna (Lorenz et al., 2004). The German 

Saprobic Index (GSI, Rolauffs et al., 2003), which indicates the impact of organic pollution. The 

percentage of Ephemeroptera, Plecoptera and Trichoptera (EPT) comprises to a great extent 

pollution-intolerant species with relatively high habitat demands. Hence, the metric %EPT (% of 

the abundance of EPT taxa) predominantly indicates physical habitat degradation and 

deterioration of water quality. The Lotic-invertebrate Index for Flow Evaluation (LIFE) appraises 

the potential impact of flow-related stress on macroinvertebrate communities (Extence et al., 

1999). 

All benchmark metrics were calculated using the software ASTERICS, Version 4.0.4 

(http://www.fliessgewaesserbewertung.de/en/). 

 

Table 3.2 Set of biological indices and their descriptive statistics. 

Full names Short names Range Mean SD 

     

Combined species-level Fine Sediment Index CoFSIsp 3.8-5.6 4.9 0.4 

Proportion of Sediment-sensitive Invertebrates PSI 67-100 87 8.5 

German Fauna Index GFI 0.4-0.9 0.7 0.1 

Percentage of Ephemeroptera, Plecoptera and Trichoptera %EPT 37.5-77.3 63.6 11.2 

German Saprobic Index GSI 1.4-2.1 1.6 0.2 

Lotic-invertebrate Index for Flow Evaluation LIFE 6.9-8.9 8.1 0.5 

     

  

http://www.fliessgewaesserbewertung.de/
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3.3 Results 

3.3.1 Fine sediment mass and its relation to environmental variables 

The reach-averaged total mass of deposited fine sediment (TFSM) at the 51 sampling sites of the 

calibration data set ranged from 116 to 20,931 g/m2 (median: 1,359 g/m2, Fig. 3.2; Table S2 in 

Supplementary Material). The inorganic fraction (median: 1,225 g/m2) was much larger than the 

organic fraction (median: 132 g/m2). The distribution between the sand fraction (median: 746 g/m²) 

and the silt and clay fraction (median: 596 g/m²) was more balanced.  

The fine sediment masses of the different components and fractions are strongly and significantly 

correlated (Table 3.3). Furthermore, all fine sediment components and fractions showed a 

moderate positive correlation with arable land cover in the catchment upstream, and a moderate 

to strong negative correlation with the streambed slope. No correlation of the fine sediment mass 

was evident for the remaining land cover types (excluding the weak correlation between the sand 

fraction and non-native coniferous forest and pasture). Similar, though weaker, correlation 

patterns were observed between the fine sediment mass and land cover in the riparian zone. The 

sand fraction exhibits a weak positive correlation with the distance from source. 

 

 

Fig. 3.2 Variability of the reach-averaged fine sediment mass in different fractions and components at the 

51 sampling sites of the calibration data set. 

Each box corresponds to 25% and 75% quartiles. The dark line inside each box represents the median. Whiskers show the minima 

and maxima except the outliers (open circles or arrows with values). 
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3.3.2 Taxa response to deposited fine sediment 

Due to the very strong correlation of the fine sediment mass to its different fractions (Table 3.3), 

we solely considered the reach-averaged total mass of deposited fine sediment (TFSM) for the 

DFSI development. In total, 321 taxa were occurring in the 51 sampling sites of the calibration 

data. After excluding taxa, which occurred at less than five sites (entry criterion for TITAN 

analysis), 178 were retained for analysis. Of these, TITAN identified 95 reliable taxa (Fig. 3.3), 

equivalent to 53% of the analysed taxa. Generally, all taxonomical levels from species to family 

level were present among the reliable indicator taxa, whereby 75% represented genus or species 

level. Some taxa exhibited their main occurrence at increased fine sediment amounts (e.g., 

Gammarus roeselii, Tubificidae Gen. sp. and Ptychoptera sp.), while others were fine sediment 

sensitive with main occurrences at sites with low fine sediment amounts (e.g., Elodes sp., Limnius 

perrisi and Esolus angustatus).  
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Fig. 3.3 Reliable indicator taxa in response to fine sediment deposition, identified via TITAN. 

The y-axis shows the indicator taxa in ascending rank order of the fine sediment medians. The size of the filled circles is proportional 

to the indicator z-score (larger circles are taxa with stronger relative response to the fine sediment gradient). The position of the circles 

represents the median of the fine sediment mass of all sampling sites, at which the taxon occurred.  
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3.3.3 Validation of the DFSI and its relation to TFSM and biological indices 

The validation data set covered a smaller range of total deposited fine sediment (range 181 - 4632 

g/m2; median 889 g/m2, Table S2 in Supplementary Material) compared to the calibration data set. 

The application of the DFSI to the taxalists of the validation data set revealed a robust indication 

of the TFSM (Spearman´s rho = 0.63, Fig. 3.4). 

The DFSI was stronger related to the TFSM compared with the UK fine sediment indices and the 

benchmark metrics. These in turn show either no significant (GFI, GSI and LIFE) or moderate 

correlation (CoFSIsp, PSI and %EPT) with the TFSM. However, both the UK fine sediment indices 

and the benchmark metrics showed stronger correlation with the DFSI than with the TFSM, 

ranging between moderate (r = –0.53; LIFE) and strong correlations (r = –0.70; GFI).  

 

 

Fig. 3.4 Spearman´s rank correlation coefficients and associated p-values relating the TFSM with DFSI, UK 

fine sediment indices and benchmark metrics in the validation data set.  
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3.4 Discussion 

3.4.1 Total fine sediment mass and its relation to environmental variables 

We determined a clear continuous gradient of deposited fine sediment in our sampling sites of the 

calibration data set (Fig. 3.2), which provides a sound basis to detect taxon-specific 

macroinvertebrates responses to the deposited fine sediment mass. To put the masses of the 

deposited fine sediment at our study sites into context, we compared them with values of previous 

studies. For instance, Naden et al. (2016) reported reach-averaged mass of total fine sediment 

with a median value of 0.9 kg/m2 and a maximum value of 69.7 kg/m2 applying a similar sampling 

technique. This maximum value is clearly larger and the median value is slightly lower than in our 

study (maximum: 20.9 kg/m2; median: 1.4 kg/m2). However, the authors included various streams 

of different sizes in their study. In contrast, Buendia et al. (2013) evaluated deposited fine sediment 

mass solely in mountainous streams located in the Isábena Basin in the Central Pyrenees. Using 

the sediment remobilisation technique, the authors reported a maximum of 1.8 kg/m2 total 

deposited fine sediment mass. For sites without the influence of Badlands, the authors determined 

a mean of 0.09 kg/m2. In comparison, in a survey in small German lowland streams (Lücking, 

2015), in which exactly the same methodology was applied, the authors determined reach-

averaged total deposited fine sediment mass with a median of  7.5 kg/m2 and a maximum value 

of 38.8 kg/m2. We are aware that direct comparison of studies is affected to a certain extent by 

disparities in the specific methods used. However, comparison of these values shows that the 

deposited fine sediment mass varies between different stream types and emphasizes the need 

for a stream type-specific approach to assess fine sediment loads and its effects on the aquatic 

fauna.  

Relating the total fine sediment mass to the different land cover types revealed a clear positive 

significant correlation with arable land at both the catchment and riparian zone scales. Previous 

studies have found that fine sediment loads can differ between land uses, which reflect the 

anthropogenic pressure and associated erosion (e.g., Wood and Armitage, 1997; Wagenhoff et 

al., 2011). Particularly, increased fine sediment supply into streams has often been associated 

with arable land (e.g., Walling 1990; Anlauf and Moffitt, 2010), which is in concordance with our 

results. However, many studies that showed a strong correlation of fine sediment associated with 

arable land were performed in agricultural areas (e.g., Sutherland et al., 2010; Naden et al., 2016). 

In our mountainous study area, however, the percentage of arable land in the catchment and the 

riparian zone of the sampling sites is minor (mean: 13.5 and 3.5, respectively) and both zones are 

dominated by forested and pasture areas (Table 3.1). Nevertheless, solely arable land was 

significantly positively correlated with the TFSM, lending support to the conjecture that arable land 

delivers more fine sediment to streams than forested or pasture areas, and that even low 
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proportions of arable land cover increase the fine sediment delivery into streams significantly. It 

should be noted, however, that beside the importance of land cover, other factors can potentially 

influence the fine sediment mass, e.g. severe rainfall or different cultivations coinciding with 

autumn/early winter rain (e.g., Collins and Walling, 2007). 

We also observed a negative relationship of the TFSM and the streambed slope, suggesting that 

stream reaches with relatively low slopes tend to accumulate more fine sediment. The significant 

relation of slope and deposited fine sediment mass was also shown in previous studies (e.g., 

Walters, 2003; Sutherland et al., 2010; Naden et al., 2016). In our data set, the percent arable 

land is negatively correlated with the streambed slope, i.e. arable land is mostly impacting 

sampling sites with lower slopes.  

 

3.4.2 Taxa response to deposited fine sediment 

Identifying reliable indicator taxa sensitive to the fine sediment stressor gradient was of key 

importance for the development of the DFSI. We used TITAN as it provides a considerably 

straightforward and solid method to determine indicator taxa based on standardised IndVal scores 

(z-scores). Previous studies showed TITAN successfully identifies indicator taxa (e.g., Cardoso et 

al., 2013; Berger et al., 2018; Costas et al., 2018). 

In total, TITAN identified 95 reliable taxa sensitive to different amounts of the deposited fine 

sediment mass (Fig. 3.3). Some taxa tolerated large fine sediment amounts, while others were 

very intolerant to deposited fine sediment. For instance, the most fine sediment intolerant taxa 

(high z-score and main occurrence at low sediment amounts) were two species of the Coleoptera 

family Elmidae (Esolus angustatus and Limnius perrisi), which are primarily algal grazers and 

strongly associated with coarse substrates (Braukmann, 1987; Klausnitzer, 1994). In contrast, 

other species of the family Elmidae like Elmis aenea, Oulimnius tuberculatus and Elmis maugetii 

were identified as fine sediment tolerant indicators (high z-score and main occurrence at increased 

fine sediment amounts), although the latter ones exhibiting weaker responses. As compared to E. 

angustatus and L. perrisi, these three species prefer moss cushions, which often are interfused 

with mud particles (Braukmann, 1987; Heubauer, 1992). These results mark Coleoptera as a 

crucial macroinvertebrate order to consider in fine sediment impact studies, as it contains strong 

indicator taxa which respond in markedly different ways to fine sediment deposition. Furthermore, 

our results emphasize that data based on family identification levels may be insufficient in 

assessing fine sediment impact.  

Among the most tolerant taxa were the genus Erpobdella and the species Erpobdella octoculata 

(leeches in the family Erpobdellidae) supporting the classification of Extence et al. (2011) who 

considered both taxa to be “moderately insensitive” to fine sediment for the PSI calculation. This 
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is, however, unexpected, as this taxon predominantly prefers solid substrates like boulders and 

gravel (Schmedtje and Colling, 1996; Tachet et al., 2010). Yet, Erpobdella may also occur in 

streams, which are to some extent organically polluted (Schönborn, 1985). The feeding strategy 

can potentially explain its strong relationship with increased fine sediment mass in our study. 

Erpobdella octoculata is a predator and feeds mainly on different insect larvae, but preferring 

particularly oligochaetes such as Tubifex and chironomid larvae (Elliott, 1973; Toman and Dall, 

1997; Kreuter et al., 2008). Both prey taxa are frequently associated with fine sediment, because 

they are able to burrow into the sediment (Waters, 1995; Wood and Armitage, 1997; Zweig and 

Rabeni, 2001; Jones et al., 2012b). Even though E. octoculata does not generally prefer fine 

sediment, greater quality and quantity of prey in this substrate result in an increased abundance. 

This emphasizes an important aspect, namely the indirect effect of increased fine sediment 

deposition through the alteration of food webs. Our results generally confirm the positive 

association of oligochaetes with fine sediment. In particular, the family Tubificidae was identified 

as a strong indicator taxon with main occurrence at sites with the highest fine sediment amounts. 

Tubificidae mainly feed on detritus (Schwank, 1982) and thus are more abundant in fine sediment 

(e.g., Ladle, 1971). However, the taxon Chironomidae showed a very weak response to fine 

sediment. Chironomidae are a highly diverse family with species representing a wide array of 

substrate preferences and feeding strategies, resulting in inconsistent and weak responses to fine 

sediment deposition. In an average mountain brook, hundreds of species may occur (Zwick, 

1992). Consequently, the family level (Chironomidae) seems to be insufficient to indicate fine 

sediment impact.  

Previous studies have underlined that many EPT taxa are fine sediment sensitive and decrease 

in abundance as fine sediment deposition increases (e.g., Waters, 1995; Descloux et al., 2013). 

In this study, we observed different patterns in the response of taxa of these three orders. For 

instance, while each reliable indicator taxa of the Plecoptera order generally showed their main 

occurrence at low fine sediment levels, all identified indicator taxa of the Ephemeroptera order 

exhibited an opposite pattern (main occurrence at increased fine sediment amounts). The various 

Trichoptera taxa occurred at markedly different amounts of deposited fine sediment. Thus, the 

general assumption that EPT taxa are fine sediment sensitive should be revised. Further, the 

Trichoptera genus Hydropsyche was present with three species (H. instabilis, H. saxonica and H. 

siltalai), of which H. siltalai and H. saxonica tolerated higher levels of fine sediment, while H. 

instabilis was highly fine sediment intolerant. Hence, even genus-level identification might be 

inappropriate, when species of the same genus exhibit wide ranges of sensitivity to fine sediment 

impact. 
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3.4.3 Performance of the DFSI and its relation to TFSM and biological metrics 

The high correlation (r = 0.63) of the DFSI to the fine sediment loads in the validation data set 

showed that the DSFI  is evidently capable of indicating reach-scale deposited fine sediment 

conditions. To put this correlation coefficient into context, Birk et al. (2012) analysed the 

relationship of macroinvertebrate-based indices to pressures; the median correlation coefficient 

was 0.64. This is comparable to the correlation observed in our study. 

In our dataset, the DFSI indicates the total fine sediment mass better than the UK fine sediment 

indices and the benchmark metrics (Fig. 3.4). It provides a mechanistic linkage for 

macroinvertebrate responses to fine sediment that is based on taxa, which are sensitive or tolerant 

to fine sediment. In contrast to DFSI, both UK fine sediment indices were developed to indicate 

fine sediment stress across different river types and environmental conditions. Their lower 

correlation to the TFSM may be therefore partly attributed to the broad spectrum of regions and 

ecosystems from which the data was derived. Two benchmark metrics considered here (GFI and 

%EPT) are integrative measurements of community composition and structure and, as such, 

integrate the effects of different stressors. GFI reflect different stressors associated to the 

catchment upstream (mainly the impact of habitat and hydromorphological degradation), but is not 

specific for fine sediment impact. This explains its insignificant correlation to the total fine sediment 

mass. %EPT showed moderate relationship with TFSM. This metric is sometimes applied to 

indicate fine sediment impacts (e.g., Wagenhoff et al., 2012). However, previous studies described 

various relationships of the EPT metrics and fine sediment ranging from no to strong correlations 

(e.g., Waters, 1995; Angradi, 1999; Relyea et al., 2000; Zweig and Rabeni, 2001; Townsend et 

al., 2008; Larsen et al., 2009; Wagenhoff et al., 2012; Buendia et al., 2013). These disparities 

indicate that the metric %EPT seems to be less appropriate as a sediment specific tool and may 

lead to misleading interpretations. The EPT orders include taxa with different tolerances to fine 

sediment impact. Increasing fine sediment may lead to losses of sensitive taxa, which could be 

replaced by tolerant EPT taxa. Consequently, the overall proportion of the EPT might remain the 

same.  

No statistically significant correlation with TFSM was observed for the benchmark metrics LIFE 

and GSI. However, an intrinsic effect of fine sediment, low flow (LIFE) and organic pollution (GSI), 

namely decreased oxygen availability, is generally expected. The reason for this is that low flow 

affects oxygen availability and higher organic content leads to increased decomposition activity, 

which in turn causes oxygen depletion. For instance, Turley et al. (2014) and Murphy et al. (2015) 

reported stronger correlation between fine sediment loads and the LIFE index. The small range of 

LIFE scores in our dataset (6.9-8.9, Table 3.2) indicate, however, that no flow stress was evident 

and hence less potential for a significant correlation with the TFSM. Furthermore, our data show 
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that organic contents of the fine sediment were usually very low (Fig. 3.2). Therefore, oxygen 

depletion resulting from increased decomposition activity represents no impairment at our 

sampling sites.  

Finally, all benchmark metrics showed to a certain extent a much stronger correlation with the 

DFSI compared to TFSM suggesting a lack of independence of the DFSI. These relationships 

might be attributed to the fine sediment sensitive taxa, which are also less prevalent at sites with 

higher morphological impairments (GFI), flow-related stress (LIFE) and organic pollution (GSI). 

Nonetheless, the specific scores of each taxon in relation to TFSM underline the specificity of the 

index to detect and indicate fine sediment stress. 

 

3.4.4 Application of the DFSI 

Several researchers (e.g., Matthaei et al., 2010; Jones et al., 2012b) have stated the need for a 

method to assess fine sediment impacts in streams and several indices have been developed 

quantifying macroinvertebrate responses to fine sediment stress (Zweig and Rabeni, 2001; Relyea 

et al., 2012; Extence et al., 2013; Murphy et al., 2015; Turley et al, 2015; Hubler et al., 2016). All 

these indices, however, are not stream type-specific. A stream type-specific index can easily be 

integrated in standard monitoring schemes. Furthermore, differences in environmental 

characteristics (e.g. habitat complexity) across various stream types can influence 

macroinvertebrates community resilience to fine sediment stress and therefore may induce 

inconsistent responses to the same stressor (Turley et al., 2016). 

To our knowledge, the DFSI is the first stream type-specific biological index, which reflects the 

fine sediment impact on the reach-scale. It is currently applicable to the small coarse-substrate 

mountainous streams (i.e. the most common stream type in Germany) and was shown to work 

well in detecting the impact of fine sediment stress in an independent data set. Additionally, the 

method to calculate the indicator scores can be easily applied in other stream types (e.g., mid-

sized mountainous rivers) given that fine sediment samples have been taken. 

The impact of fine sediment on macroinvertebrates is complex. However, we are confident that 

the DFSI will be a helpful bioassessment tool and has the potential to be used as a proxy for 

estimating the impact of deposited fine sediment on-site. In contrast to time and cost intensive 

direct monitoring of fine sediment loads, the biological background of the DFSI method fits the 

requirements of WFD. Stream managers and environment authorities can calculate the DFSI with 

their own data. They only need to apply macroinvertebrate abundances and the sensitivity values 

(z-scores and medians, Supplementary Material, Table S3) to equation (3.2). Sites with high DFSI 

values could be prioritised within monitoring plans to control sediment deposition.  
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We used macroinvertebrate taxalists resulting from national WFD monitoring surveys, where the 

identification level is standardised (Haase et al., 2011); hence, the DFSI has the advantage that it 

can be easily applied to biomonitoring data collected in the future and retroactively to existing 

biomonitoring data. This allows the analysis of fine sediment deposition trends over longer periods. 

Finally, fine sediment delivery to streams is a natural process. Biological response to 

anthropogenic stressors depends on natural conditions. To separate the natural variability of 

deposited fine sediment from excessive anthropogenic induced fine sediment stress poses a 

challenge. Diagnostic fine sediment indices should preferably respond to this excess of fine 

sediment and not to natural variability of the fine sediment delivery and storage, which should also 

be the target of river basin management measures (Collins et al., 2012). Future efforts (also stated 

by Hubler et al., 2016) should therefore determine stream type-specific natural background 

(reference) levels of deposited fine sediment, to support adequate management targets for 

sediment management.
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4 Chapter III 

Development of a bioassessment scheme for fine sediment 

loads in small mountain streams 

 

 

 

 

4.1 Introduction 

The European Water Framework Directive (WFD, European Commission, 2000) aims for a good 

ecological status or good ecological potential of all European waters. To achieve this aim, river 

basin management plans (European Commission, 2003b) were set up, which specify for each 

catchment the objectives to be achieved. Besides diffuse pollution, hydromorphological 

impairments prevail as a stressor affecting the status of the majority of river water bodies in Europe 

(EEA, 2018). Hydromorphological impairment, however, is composed of various components, 

ranging from dams reducing the passability for migrating to straightening and the removal of 

riparian vegetation. While these types of hydromorphological degradation are well represented in 

the recent river basin management plans, the entry of fine sediment into streams is rarely 

considered, although it is suggested to be one of the main reasons for ecological status 

deterioration (Zhang et al., 2014, Wilkes et al., 2019).  

Large quantities of fine sediment enter the rivers naturally, e.g. from soil loss in river basins and 

river banks. This natural occurring process has dramatically increased through the intensification 

of land use (Foster, 2011) resulting in fine sediment loadings exceeding the sediment transport 

capacities of rivers. Notably, diffuse fine sediment pollution from the agricultural sector and urban 

point source discharges are steady sources of fine sediment entry into rivers (Collins et al., 2009; 

Zhang et al, 2014). Once entered the river channel, fine sediment may be transported through 

suspension, temporarily deposited on the river bed surface or ultimately clog the interstitial spaces 
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resulting in long-term detrimental effects on lotic biota (Wharton et al., 2017; Gieswein et al., 

2018). For instance, enhanced deposition of fine sediment modifies benthic substratum 

characteristics. This result in reduced food value of periphyton (Broekhuizen et al., 2001) and 

substrate instability and suitability for some macroinvertebrate taxa, which in turn increases drift 

rates (Larsen and Ormerod, 2010). Clogging of interstitial spaces lead to habitat loss (Waters, 

1995) and subject macroinvertebrates to predation and floods (Sedell et al., 1990). This may be 

one reason for many water bodies failing to meet good ecological status, even though the water 

quality and river habitat structure have been assessed as good. Hence, identification of fine 

sediment impacted sites is of considerably relevance to set up effective management measures.  

However, monitoring of amount of fine sediment remains a key challenge for managers owing to 

the complexities of fine sediment pollution in rivers (Wilkes et al., 2019), e.g. variation of fine 

sediment entry, transport and deposition in time and space (Tuset et al., 2016) or the lack of 

knowledge on the degree of fine sediment pollution that may impair lotic biota. Further, the lack of 

routine monitoring concepts to measure fine sediment contents (Harper et al., 2017; Mathers et 

al., 2017) prevents the implementation of effective management measures (Wilkes et al., 2019). 

Additionally, a reference system is missing to understand and evaluate, which fine sediment 

contents would be characteristic for unimpacted river systems. 

As with other stressors (e.g. organic pollution or acidification), these problems may be 

circumvented by biomonitoring tools indicating excess fine sediment. Particularly, 

macroinvertebrates are most widely used as bioindicators with long-standing historical tradition 

(Bonada et al., 2006; Buss et al., 2015), as various traits indicate different sensitivity to stressors. 

Previous studies, which related macroinvertebrate community composition or traits to fine 

sediment stress, proved their sensitivity to excess fine sediment (e.g., Wood and Armitage, 1997; 

Bilotta and Brazier, 2008; Jones et al., 2012b). Biomonitoring techniques relating 

macroinvertebrate community responses to fine sediment impairment have been developed 

throughout the world (e.g., Zweig and Rabeni, 2001; Relyea et al., 2012; Extence et al., 2013; 

Murphy et al., 2015; Turley et al., 2015, 2016; Hubler et al., 2016) among them the Deposited Fine 

Sediment Index (DFSI) in Germany (Gieswein et al., 2018). The DFSI is a stream type-specific 

biological index that reflects the fine sediment conditions on the reach scale in small mountain 

gravel-bed streams. The method relies on the responses of individual macroinvertebrate taxa to 

fine sediment deposition. Higher index values indicate higher fine sediment stress. The DFSI, 

however, has not yet been transferred into quality classes, which is required to inform river 

managers of the fine sediment condition at a sampling site and thus to select appropriate 

measures.  
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The first objective of the present study was to establish fine sediment quality classes based on 

the DFSI in order to assess fine sediment condition at a sampling site. More specifically, using 

data from 489 macroinvertebrate sampling sites, we derived in a first step a specific value for the 

fine sediment basic state condition (FSBS). In a second step, we defined five fine sediment quality 

classes (“high”, “good”, “moderate”, “poor” and “bad”) of increasing deviation from the FSBS. 

Additionally, we used a second independent data set (N = 128) for validation. The second objective 

was to investigate the role of catchment land cover for fine sediment impairment and to determine 

change points of the DFSI along a land use gradient. For this, we applied a Random Forest 

analysis using five land use predictors and the DFSI as response variable.  

 

 

4.2 Material and Methods 

4.2.1 Study areas and sampling sites 

Macroinvertebrate samples were taken in the mountainous areas of two German federal states 

(North Rhine-Westphalia and Baden-Württemberg, Fig. 4.1). All sampling sites were located in 

the WFD stream type “small, coarse substrate-dominated siliceous mountain streams”, which is 

the most common stream type in Germany. The river bottom of this stream type consists primarily 

of dynamic coarse material such as gravel and stones (Pottgiesser and Sommerhäuser, 2008). 

According to Lyche Solheim et al. (2015), it complies with the European river type 9 (mid altitude, 

siliceous, small).  
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  AA 
Fig. 4.1 Location of the study areas in Germany and distribution of the sampling sites. 

 

4.2.2 Macroinvertebrate data 

Site-specific macroinvertebrate samples originated from a large pool of national WFD monitoring 

surveys (LANUV, © Land NRW and LUBW, © Land Baden-Württemberg) and additional surveys 

conducted by a water board (Ruhrverband, North Rhine-Westphalia). The samplings were 

performed according to the national standard multi-habitat sampling approach (Haase et al., 2004; 

Meier et al., 2006, a short description is provided in Supplementary Material). In total, we used 

617 samples collected between 2000 and 2016. The samples originated from 489 sites in North 

Rhine-Westphalia and from 128 sites in Baden-Württemberg. All samples were taken in spring as 

recommended by the German protocols for the stream type “small, coarse substrate dominated 

highland streams” (Meier et al., 2006). If multi-year samples were available for the same site, we 

chose the most recent sample.  
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4.2.3 Environmental data 

Percentage of land cover (ATKIS®-Basis-DLM, Official Topographical Cartographic Information 

System, spatial resolution 3 × 3 m) was calculated for the entire watershed upstream the sampling 

sites. Land cover data was grouped into five categories: arable land, pasture areas, urban areas, 

naturally-forested land and non-native coniferous forest (Table 4.1). Catchment size upstream 

each sampling site was derived from maps using a GIS. 

 

Table 4.1 Descriptive statistics of catchment land cover and catchment size upstream the sampling sites 

for Baden-Württemberg and North Rhine-Westphalia. 

Environmental variables Units 
 Baden-Württemberg  North Rhine-Westphalia 

 Range Mean SD  Range Mean SD 

          

Arable land %  0–63 6.9 12.9  0–68 9.5 8.1 

Naturally-forested land %  0–97 35.4 27.9  0–58 18.1 10.1 

Non-native coniferous forest %  0–98 29.8 32.4  0–95 38.0 22.6 

Pasture %  1–63 21.6 12.5  0–60 21.0 10.1 

Urban area %  0–27 5.8 5.8  0–81 13.1 14.0 

  
        

Catchment size km2  1.9–119.0 34.8 26.6  0.3–137.1 22.6 26.2 

            

 

4.2.4 Data analysis 

4.2.4.1 Definition of fine sediment quality classes and setting class boundaries 

To define the fine sediment quality classes, we used a method similar to the classification of 

Ecological Quality Ratios (EQR). Thereby, percent deviations from the basic state of the fine 

sediment condition (FSBS) were used. In a first step, we defined the FSBS. For this, we applied 

the DFSI (Gieswein et al., 2018) to the macroinvertebrate taxalists of the large North Rhine-

Westphalian data set. This data set provides 489 sampling sites and a large gradient of land uses 

and is therefore suitable to cover a large gradient of fine sediment input to the streams. The Baden-

Württemberg data set of 128 samples was used to test the developed system. 

For the FSBS, we used the 10% lowest DFSI values in the data set supposedly representing sites 

largely unimpaired by fine sediment deposition. Applying the German assessment system for 

benthic invertebrates revealed that all but one of these sampling sites are in high (54% of sites) 

or good (46% of sites) ecological status (data not shown). From the 10% lowest DFSI values, we 

calculated the mean and subtracted the standard deviation resulting in the FSBS (Eq. 4.1).  
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𝐹𝑆𝐵𝑆 = x̅ −  𝜎  

Eq. 4.1 Formula used to calculate the FSBS 

𝐹𝑆𝐵𝑆 = Basic state of the fine sediment condition 

x̅ = Mean of the 10% lowest DFSI values 

𝜎 = Standard deviation 

 

In a second step, we used the EQR method following Rolauffs et al. (2003; 2004) to set fine 

sediment quality class boundaries. Concordantly to the WFD, we specified five fine sediment 

quality classes ranging from 1 (high status) to 5 (bad status) (Table 4.2). We used levels of 5%, 

25%, 50% and 75% as class boundaries, i.e. to be assessed as a site in good fine sediment 

condition, a site should not differ more than 25% with regards to the FSBS.  

 

Table 4.2 Ecological Quality Ratios determining the boundaries of the fine sediment quality classes. 

Fine sediment  Fine sediment status Deviation from the FSBS 

quality classes  Expression EQR 

1 High Minor ≤ 5% 

2  Good  Low > 5% – ≤ 25% 

3 Moderate Moderate > 25% – ≤ 50% 

4 Poor High > 50% – ≤ 75% 

5 Bad Substantial > 75% 

 

The FSBS represents the lower anchor for the calculation of the class boundaries. The mean of 

10% highest DFSI values minus standard deviation was used as the upper anchor point. A class 

boundary is the difference of the upper anchor multiplied by the quotient of EQR of a class 

boundary and 100 plus FSBS (Eq. 4.2).  

 

𝐶𝑙𝑎𝑠𝑠 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑥 = (𝑈𝑝𝑝𝑒𝑟 𝑎𝑛𝑐ℎ𝑜𝑟 − 𝐹𝑆𝐵𝑆) ∗  
𝐸𝑄𝑅𝑥
100

+ 𝐹𝑆𝐵𝑆 

Eq. 4.2 Formula used to calculate the class boundaries for the fine sediment quality classes. 

 

4.2.4.2 Random Forest analysis 

We applied Random Forest (RF, Breiman, 2001) to analyse the DFSI's response curves and its 

potential change points along the land use gradient (arable land and urban area) and to identify 

the relevance of the land cover predictors for the DFSI (Table 4.1). We included catchment size 

upstream a sampling site as natural predictor in the analysis. Data from both study areas (North 

Rhine-Westphalia and Baden-Württemberg) were included in the RF model. 

DFSI change points were derived from RF by visual examination of partial dependence plots 

(Cutler et al., 2007). Partial dependence plots show the effect of each predictor on the response 
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variable, while keeping all other predictors average (Elith et al., 2008). We defined change points 

as the first major sharp increase or decline of the DFSI along the land use gradient. This method 

of detecting change points in the response slope has been already applied in other studies (e.g., 

Feld, 2013; Dahm et al., 2013).  

The RF analysis was performed in R software (Version 3.3.3) by using the function “rfsrc” of the 

package randomForestSRC (Ishwaran and Kogalur, 2017). We used the original method for 

computing variable importance (Breiman, 2001). To estimate the variables’ importance, we used 

the function “gg_vimp” (Ishwaran, 2007).  

 

 

4.3 Results 

4.3.1 Application of DFSI 

The application of DFSI to the North Rhine-Westphalian data set revealed a range of DFSI values 

from 1081 to 2029 (median: 1316, mean: 1347, Fig. 4.2). The DFSI values of the Baden-

Württemberg data set showed a similar range from 1085 to 2129 (median: 1264, mean: 1303).  
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Fig. 4.2 Range of the DFSI values at the 489 sampling sites in North Rhine-Westphalia (blue) and at the 

128 sampling sites in Baden-Württemberg (green). 

The box on the left site corresponds to 25% and 75% quartiles. The line inside the box represents the median. Whiskers 

show the minima and maxima except the outliers (dots). 
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4.3.2 Fine sediment quality classes and class boundaries 

The FSBS was determined at the DFSI value of 1127 and the upper anchor at 1512. Using the 

FSBS and the upper anchor and applying the EQR (Table 4.2; Eq. 4.2), we derived the following 

class boundaries for the five fine sediment quality classes (Table 4.3). 

 

Table 4.3 Class boundaries for the five fine sediment quality classes. 

Fine sediment quality classes Class boundaries 

1 ≤ 1147 

2 ≤ 1224 

3 ≤ 1320 

4 ≤ 1416 

5 > 1416 

 

Then we applied the class boundaries on the data from North Rhine-Westphalia and Baden-

Württemberg. The results showed that 17% of the North Rhine-Westphalian and 37% of the 

Baden-Württemberg sampling sites could be assigned to high or good fine sediment status (Fig. 

4.3). 

 

  

Fig. 4.3 Distribution of the fine sediment quality classes of the 489 sampling sites in North Rhine-Westphalia 

(blue) and of the 128 sampling sites in Baden-Württemberg (green). 
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4.3.3 Random Forest and identification of DFSI change points  

The Random Forest model explained 49.2% of the total variance in the DFSI. The most influential 

predictors were arable land and urban area contributing 46% and 20% to the total variance, 

respectively (Fig. 4.4).  

 

 

Fig. 4.4 Bar plot of predictor’s importance in the Random Forest model. 

 

Using partial dependence plots, change points were determined as DFSI’s first major break in 

slope along the gradient of arable land and urban area. DFSI change points were detected at 

~12% arable land and at ~3% urban area (Fig. 4.5). 
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Fig. 4.5 Partial dependence plots showing DFSI (yhat) against each predictor in a Random Forest model to 

derive change points. 

Predictors are sorted by importance values. 

  



 

65 
 

4.4 Discussion 

4.4.1 Fine sediment quality classes and class boundaries 

The urgent need for a method to assess fine sediment impacts in streams have been widely 

acknowledged (e.g., Matthaei et al., 2010; Jones et al., 2012b). In our first study, we developed a 

fine sediment index (DFSI) indicating impairment in small mountain streams (Gieswein et al., 

2018). We tested it with an independent dataset and it was working well. The development of an 

index is a first and crucial step. However, setting attainable goals for assessment is a further 

important step. River managers demand for simple and transparent methods and need results 

expressed as levels of quality, in order to distinguish acceptable from inacceptable status. Here 

we propose an assessment scheme, which makes the DFSI applicable for river managers by 

converting index results into quality classes.  

An essential aspect in the design of assessment schemes aiming to detect anthropogenic 

stressors is setting well-defined class boundaries, since it defines the quality classes and thus the 

target values need to be achieved for river management (Birk et al., 2012). For instance, in the 

context of the WFD, stream type-specific reference conditions are the anchor point of EQR based 

classifications (European Commission, 2003a). Thereby, the position of each boundary is not only 

dependent on the definition of reference conditions, but also on the approach of setting class 

boundaries (Birk and Hering, 2006). Most frequently, an equidistant division of the EQR gradient 

in five classes was applied or a fixed percentile (e.g. 25th percentile) of reference samples values 

was used as the class boundary between reference and good condition before defining the 

remaining class boundaries with equidistant bands (European Commission, 2003a; Birk et al., 

2018). Because of a lack of a reference system regarding fine sediment contents characterizing 

unimpaired river systems, we used another approach, which is based on the fine sediment biotic 

state (FSBS, Chapter 4.2.4.1) as the anchor point of the classification. A similar approach was 

already successfully applied for the development of the revised German saprobic system (Rolauffs 

et al., 2003; 2004). Moreover, instead of applying an equidistant division of the DFSI gradient in 

five classes, we used a set of class boundaries (Table 4.2), which was proved by Rolauffs et al. 

(2003; 2004) to be a solid basis. Besides, this set was the favoured compromise between scientific 

and political opinions for the development of German saprobic system. We are aware that setting 

of class boundaries influences to a great extent the assessment of a site, but we are also confident 

that by setting a class width of at least 20%, we ensure that the assessment of a site will not be 

substantially affected by the general variability within one site. Furthermore, we tested the 

reliability of the FSBS by comparing the DFSI range of the North Rhine-Westphalian data set with 

an independent data set of another German federal state (Fig. 4.2). The comparison indicated that 
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the sampling sites in North Rhine-Westphalia data set potentially encompass sites with best fine 

sediment conditions allowing setting a reliable value for the FSBS.  

Moreover, the application of the class boundaries on the data of North Rhine-Westphalia and 

Baden-Württemberg revealed that 83% of the North Rhine-Westphalian sampling sites and 63% 

of the Baden-Württemberg data set fail the good fine sediment status (Fig. 4.3). This indicates that 

in both study areas fine sediment may be a major stressor and suggests excess fine sediment to 

be one of the main causes for failing of water bodies to reach the good ecological status (Wilkes 

et al., 2019). 

 

4.4.2 Random Forest analysis and identification of DFSI change points  

Using data sets of two German federal states, we identified catchment arable land as the most 

powerful predictor in the Random Forest model explaining the largest portion of the variance in 

the DFSI (46%). Increased percentage of arable land led to an increase in the DFSI values 

indicating fine sediment deposition. The percentage of arable land in the catchment above the 

sampling sites in the two study areas is, however, minor (mean: 6.9 (Baden-Württemberg) and 

9.5 (North Rhine-Westphalia)). Both study areas are dominated by forest and pasture (Table 4.1). 

This underlines the pronounced importance of catchment arable land even in low proportions for 

the delivery of fine sediment into streams. Furthermore, the change point analysis suggests a 

change point for DFSI at ~12% arable land. At this point, an abrupt increase of DFSI values was 

visible (Fig. 4.5). This value is in agreement with Feld (2013), who derived change points on 

various biological response variables and organism groups. In his study, the average change point 

for different assemblage metrics in a mountainous catchment was at 10% arable land. However, 

the author reported a much higher change point in a lowland land catchment (at 40% arable land). 

Likewise, in his review Allan (2004) reported higher change points for agricultural catchments 

based on different organism groups and concluded that streams remain in good condition until the 

extent of agriculture is more than 30%–50%. Hence, these results show that in contrast to lowland 

streams or agricultural catchments abrupt changes in mountainous catchments may occur at 

relatively low levels of upstream arable land cover. 

Percentage of urban area in the catchment above the sampling sites was the second most 

influential variable in the RF, however, accounted for clearly smaller part of the variation in the 

DFSI (20%). The minor influence of urban areas on the DFSI may be partly attributed to the 

complex hydrology of urban areas in concert with a variety of fine sediment sources (e.g., solids 

from sewage treatment works and road dust), and the conversion of physical and chemical 

composition and characteristics of fine sediment (Taylor and Owens, 2009). Besides, our change 

point analysis revealed a change point for the DFSI along the urban area gradient at ~3%. This 
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low change point in the percentage of urban areas is somewhat alarming, however, it agrees with 

previous studies. For instance, Fitzgerald et al. (2012) indicate that stream assemblages may 

already be impaired at 5% total impervious area. However, Clapcott et al. (2011) identified a 

slightly higher change point at 10% impervious cover for different organism groups and indicators. 

Kail et al. (2012) also reported a higher change point at 16.3% urban land cover for river ecological 

status based on macroinvertebrates. Consequently, there is an evidence for a threshold of urban 

land or impervious area in the catchment at a low level.  

Whilst previous studies showed the importance of pasture areas as a potential fine sediment 

source (e.g., Collins and Walling, 2007), this was not apparent in our study. Percentage pasture 

in the upstream catchment was a weak predictor for DFSI.  

Both forested land cover types were as well weak predictors, explaining 15% and 4% of the 

variation in DFSI (Fig. 4.4). However, a tendency can be observed that increased percentage 

forest area in the catchment result in a decrease of the DFSI values. This finding suggests that 

forest may reduce delivery of fine sediments (Feld, 2013) and increase the diversity 

macroinvertebrate communities (Death & Collier, 2010). On the other hand, a lower percentage 

of forest cover in the catchment automatically decreases the share of land cover types such as 

urban and arable land that increase fine sediment entry.  

Finally, the role of catchment land use for increased fine sediment delivery in rivers was 

documented in a number of previous studies (e.g., Wood and Armitage, 1997; Wagenhoff et al., 

2011; Stewart et al., 2015; Owens et al., 2016). Particularly arable land and urban area have often 

been identified as major sources for fine sediment pollution (e.g., Carter et al., 2003; Collins and 

Walling, 2007), which is in concordance with our results. More importantly, our results and other 

studies (e.g., Feld, 2013) indicate that abrupt biological response may occur at relatively low 

percentages of catchment land use. These outcomes highlight the urgent need of catchment-scale 

view of fine sediment impact. However, land use management at the catchment scale such as 

reversal of land use to a near natural state is unaffordable and seldom feasible. Therefore, we feel 

that the most appropriate and practical solutions are to decrease fine sediment development at its 

source, to identify pathways sustaining fine sediment transport to rivers and to reduce the 

connectivity between pathways across the catchment. Thus, the identification of the major fine 

sediment sources involved is a key factor in order to control and minimise the fine sediment 

delivery. Thereby, source fingerprinting investigation could provide a sound basis in the source 

identification (e.g., Collins et al., 2010; Owens et al., 2016; Collins et al., 2017; Pulley and Collins, 

2018). 
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5 Summary, conclusion and future prospects 

 

 

 

 

5.1 Summary 

The implementation process of the EU Water Framework Directive (WFD) requires a set of 

management measures to achieve good ecological status for all surface waters until the year 

2027. It can be assumed that particularly multiple-stressor effects and excess fine sediment are 

the key obstacles to achieving good ecological status. Therefore, both (i) quantified stressor 

effects and interactions and (ii) the knowledge of fine sediment impacts and an applicable 

assessment scheme can help river basin managers to derive adequate management actions. 

However, the knowledge about multiple-stressor effects is still incomplete and an agreed method 

for assessing/monitoring fine sediment impact does not exist. 

 

In order to address these gaps, this thesis focused on the following objectives: 

 

 Investigation of the hierarchy and interactions of multiple anthropogenic stressors using 

standard WFD monitoring data 

 

 Development of a stream type-specific index, which reflects the fine sediment impact in small 

mountain streams based on the taxon-specific response of macroinvertebrates 

 

 Establishment of a bioassessment scheme, which makes the developed fine sediment index 

applicable for river managers 
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According to these objectives, this thesis is divided into three chapters. In the following 

paragraphs, background information and main results of the three chapters are summarized. 

 

Chapter I: Additive effects prevail: the response of biota to multiple stressors in an 

intensively monitored watershed 

Multiple stressors affect about 40% of Europe’s water bodies (EEA, 2018) and pose serious 

negative effects on river biota. When multiple stressors are active, they can have a variety of 

outcomes (synergistic, additive or antagonistic) and their combined effect jeopardize the 

achievement of good ecological status. River managers are thus required to tackle the impact of 

multiple stressors in order to select adequate management measures. Whilst experimental studies 

have advanced the insights of combined stressor effects, there is still a lack in addressing multiple-

stressor effects using monitoring data. Biological and abiotic data resulting from monitoring 

schemes provide, however, a solid basis to disentangle multiple-stressor effects. 

Against this background, the first chapter identified stressor hierarchy and interactions using 

standard WFD monitoring data following the cookbook on multiple-stressor analysis (Feld et al., 

2016b). Here, the impact of 12 environmental predictors on fish, benthic invertebrates and aquatic 

macrophytes was addressed. The response variables were traits, ecological metrics and biological 

indices.  

The results obtained in this chapter showed that riverine habitat degradation was the dominant 

stressor group for the river fauna, notably the bed physical habitat structure. Overall, the explained 

variation in benthic invertebrate metrics was higher than it was in fish and macrophyte metrics. In 

particular, general integrative (aggregate) metrics such as percentage Ephemeroptera, Plecoptera 

and Trichoptera (EPT) taxa performed better than ecological traits (e.g., percentage feeding 

types). Overall, additive stressor effects dominated, while significant and meaningful stressor 

interactions were generally rare and weak, thus implying independently-acting stressors. 

 

Chapter II: Development and validation of a macroinvertebrate-based biomonitoring tool 

to assess fine sediment impact in small mountain streams 

Whilst fine sediment is an integral part of river ecosystems, excess fine sediment deposition 

severely affects aquatic communities and has the capability to threaten the ecological status. 

However, despite the consensus that excess fine sediment deposition poses a serious impact in 

river ecosystems (e.g., Jones et al., 2012b), there are currently no generally recognized and 

applied methods to evaluate fine sediment loads. Particularly, macroinvertebrates are affected by 
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increased levels of deposited fine sediment showing changes in abundance and community 

composition. This makes them an interesting option to monitor fine sediment pollution. 

In light of this, in the second chapter a stream type-specific biological index (DFSI) was developed, 

which evaluates the fine sediment impact in small mountainous gravel-bed streams. The DFSI is 

based on the taxon-specific response of macroinvertebrates to deposited fine sediment. Fine 

sediment was sampled at 73 sampling sites applying a sediment remobilization approach. 

Macroinvertebrate taxalists from these sites originated from monitoring schemes. Threshold 

Indicator Taxa ANalysis (TITAN, Baker and King, 2010) was applied on the macroinvertebrate 

taxalists and fine sediment data to identify indicator taxa, which were then used for index 

development. Finally, the performance of the index was tested on an independent data set and 

compared with other fine sediment indices and standard WFD metrics. 

In total, TITAN identified 95 reliable indicator taxa, of which some taxa tolerated large amounts of 

fine sediment (e.g., Gammarus roeselii and Tubificidae Gen. sp.), while others were found to be 

highly sensitive to increased fine sediment mass (e.g., Elodes sp. and Limnius perrisi). Applied on 

the independent data set, the index performed well in detecting the magnitude of deposited fine 

sediment (Spearman's rho = 0.63). Furthermore, the index was better related to the deposited fine 

sediment mass as compared to other fine sediment indices and standard metrics used for 

monitoring purposes under the WFD.  

 

Chapter III: Development of a bioassessment scheme for fine sediment loads in small 

mountain streams 

The development of an index is an essential aspect in the identification of sites impacted by fine 

sediment. However, to gain information on the fine sediment condition at a sampling site the index 

results need to be expressed as quality levels.  

In the third chapter, a bioassessment scheme should therefore be developed, which makes the 

DFSI (chapter II) applicable for river managers by transforming DFSI results into quality classes. 

Data from 489 macroinvertebrate sampling sites were used to derive a specific value for the fine 

sediment basic state condition (FSBS). Subsequently, five fine sediment quality classes (“high”, 

“good”, “moderate”, “poor” and “bad”) of increasing deviation from the FSBS were elaborated. 

Moreover, the results were validated with a second independent data set. An additional objective 

was to analyse the influence of catchment land cover on the fine sediment loads and to identify 

change points of the DFSI along the land use gradient. For this purpose, a Random Forest 

analysis was applied.  

A reliable value for the FSBS was derived by applying a mathematical procedure and testing on 

an independent data set. Following on from the value of FSBS, the boundaries of five fine 
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sediment quality classes were calculated by using a method similar to the classification of 

Ecological Quality Ratios (EQR). Furthermore, catchment arable land was identified as the most 

powerful predictor for fine sediment loads in the Random Forest model followed by catchment 

urban area. However, the latter one accounted for a clearly smaller part of the variation in the 

DFSI. DFSI change points were detected at ~12% arable land and at ~3% urban area indicating 

that abrupt macroinvertebrate response may occur at relatively low levels of catchment land use. 

 

 

5.2 Conclusion and future prospects 

The results achieved within this thesis contribute to a better understanding of the biological 

response to multiple stressors based on data from WFD monitoring schemes and offer a 

biomonitoring tool and an assessment scheme to identify and assess fine sediment impact in small 

mountain streams. In this paragraph, main conclusions are presented, as well as suggestions for 

future research and for applications for river management are made. 

The results obtained from the first chapter demonstrate a relative subordinated role of complex 

interactions of stressors acting on aquatic organism groups. Thus, additive stressor effects 

dominate. This indicates that stressors evaluated in the present study are acting independently of 

each other. Accordingly, given the type of stressor and ecological response variables addressed 

in this study, river basin managers do not need to bother much about complex stressor 

interactions, but can focus on the prevailing stressors according to the hierarchy identified. Hence, 

diminishing the effect of any of the individual stressors would be beneficial. However, this applies 

for integrative metrics and the heterogeneous and integrative nature of the stressors (e.g. % 

riparian land use), which were used in this study and are also standards in monitoring schemes 

for the WFD. Therefore, I suggest that both, stressors and response variables, which enable 

mechanistic linkages would help and promote insights of interacting stressors. Consequently, 

more and reliable data on “direct stressors” (e.g., fine sediment pollution, nutrients, biological 

oxygen demand, flow, temperature, pesticides, micropollutants) need to be covered in national 

monitoring schemes.  

Furthermore, upstream river habitat degradation was identified as the dominant stressor group for 

the river fauna. Consequently, in the low mountainous Ruhr Basin and similar catchments, river 

managers should aim at improving the river structural quality. Predominantly, enhancement of the 

quality of bed physical habitat structure (e.g. diversification of substrates) will provide 

improvements for benthic invertebrates. Besides, increasing the attributes of the water column 

habitat would be beneficial for fish. These improvements should go along with the protection and 
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enhancement of riparian vegetated buffers in order to diminish the impact of stressors at the 

catchment-scale. 

Moreover, responses differed between fish, benthic invertebrates and aquatic macrophytes to the 

stressors addressed. Overall, benthic invertebrate metrics showed the strongest response to the 

selected stressors. The low mountainous catchment of the Ruhr is characterized by small to mid-

sized fine to coarse substrate-dominated mountain streams. In these stream types benthic 

invertebrates are the most diverse organism groups, whereas fish are usually species-poor and 

macrophytes are often only patchily distributed (Hering et al., 2006b). Consequently, benthic 

invertebrates reflect best the main stress gradients and are thus the most suitable organism group 

for multiple-stressor analyses in these stream types.  

The knowledge of fine sediment impacted sites and an applicable assessment scheme are the 

key requirements to identify adequate management measures to improve the ecological status of 

rivers. In the second chapter, a biotic fine sediment index (DFSI) that reflects the fine sediment 

condition at a sampling site was developed and validated. In the third chapter, an assessment 

scheme, which transfers the DFSI results into quality classes, was proposed. 

I am confident that the DFSI and the assessment scheme can pose an important factor for the 

indication of fine sediment deposition in small mountain gravel-bed streams.  

There is a broad spectrum of options in how the DFSI and the assessment scheme could be 

applied. For instance, in the course of WFD monitoring schemes the presented fine sediment 

assessment approach could be effectively applied as a screening instrument in the identification 

and assessment of fine sediment impaired sites. Sites, which fail the good fine sediment status, 

could be prioritized within monitoring plans for a more detailed technical fine sediment analysis to 

verify if the local fine sediment instream situation is coinciding with those indicated by 

macroinvertebrate composition. Furthermore, river managers can use the index for pre- and post-

management investigations. For example, in their operating region they can first identify priority 

areas for sediment management actions. After implementing management measures and 

improving instream sediment conditions, the proposed assessment approach could be as well 

used in order to ascertain the success of the measures planned. 

Besides, the index can be applied to evaluate the effectiveness of restoration measures. For 

instance, a stream reach, which was identified to be impacted by excess fine sediment, could be 

assessed to control if the abundance of fine sediment tolerating taxa declined after the 

implementation of restoration measures.  

Finally, by using macroinvertebrate taxalists originated from national monitoring schemes, where 

the level of taxonomic resolution is standardised (Haase et al., 2011), it was assured that the DFSI 

can be easily applied to macroinvertebrate data compiled in the future and retroactively to existing 
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data. This benefits the practitioners greatly, since it allows the analysis of fine sediment deposition 

trends over longer periods. 

At present, the index and the assessment scheme are applicable to the most common stream 

type in Germany (small coarse-substrate dominated mountainous streams, Pottgiesser and 

Sommerhäuser, 2008). However, the method to calculate the indicator scores can be easily 

applied to other stream types (e.g., mid-sized mountainous rivers) given that fine sediment 

samples have been taken.
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6 Zusammenfassung 

 

 

 

 

Der Umsetzungsprozess der EU-Wasserrahmenrichtlinie (WRRL) erfordert eine Reihe von 

Bewirtschaftungsmaßnahmen, um bis zum Jahr 2027 einen guten ökologischen Zustand für alle 

Oberflächengewässer zu erreichen. Es ist zu vermuten, dass insbesondere multiple Stressor-

Effekte und übermäßiger Eintrag von Feinsedimenten Hindernisse für die Zielerreichung 

darstellen. Folglich können sowohl (i) quantifizierte Stressor-Effekte und -Interaktionen als auch 

(ii) die Kenntnis von mit Feinsedimenten belasteten Gewässerabschnitten und ein anwendbares 

Bewertungssystem Flussgebietsmanagern helfen, geeignete Bewirtschaftungsmaßnahmen 

abzuleiten. Allerdings bestehen immer noch substantielle Wissenslücken bei der Auswirkung 

kombinierter Stressor-Effekte und es existiert noch keine weit anerkannte und angewandte 

Methode für das Monitoring der Feinsedimentbelastung. 

 

Die vorliegende Dissertation versucht diese Lücken zu schließen und beinhaltet folgende Ziele: 

 

 Untersuchung der Hierarchie und Interaktionen von multiplen Stressoren unter Verwendung 

von Datensätzen aus Monitoringprogrammen 

 

 Entwicklung eines gewässertypspezifischen Index basierend auf der taxonspezifischen 

Reaktion von Makroinvertebraten auf die Feinsedimentbelastung in Mittelgebirgsbächen 

 

 Erarbeitung eines Bewertungssystems, welches den entwickelten Index für Flussgebiets-

manager anwendbar macht, indem Indexergebnisse in Qualitätsklassen transferiert werden 

 



 

75 
 

Die Arbeit umfasst drei Kapitel, welche die oben genannten Ziele behandeln. In den folgenden 

Abschnitten werden Hintergrundinformationen und Ergebnisse der jeweiligen Kapitel 

zusammengefasst. 

 

Kapitel I: Additive Effekte überwiegen: Reaktion der Biota auf multiple Stressoren in einem 

von intensivem Gewässermonitoring geprägten Einzugsgebiet 

Multiple Stressoren beeinträchtigen etwa 40% der europäischen Oberflächengewässer (EEA, 

2018) und haben gravierende negative Auswirkungen auf Fließgewässerorganismen. Wenn 

multiple Stressoren aktiv sind, können diese eine Vielzahl von Effekten bewirken (synergistische, 

additive oder antagonistische Effekte) und ihr Zusammenwirken verhindert es den guten 

ökologischen Zustand zu erzielen. Flussgebietsmanager müssen daher die Auswirkungen 

multipler Stressoren untersuchen, um geeignete Bewirtschaftungsmaßnahmen ableiten zu 

können. Dabei stellt das Wissen über die Hierarchie der Stressoren und deren Interaktionen eine 

bedeutende Grundlage dar. Während experimentelle Studien unsere Erkenntnisse über 

kombinierte Stressor-Effekte verbessert haben, sind Untersuchungen von Effekten multipler 

Stressoren in Monitoringdatensätzen immer noch selten. Dabei bieten biologische und abiotische 

Daten, die aus Monitoringprogrammen resultieren, eine gute Basis, um die Effekte multipler 

Stressoren zu analysieren. 

Vor diesem Hintergrund war das erste Ziel der Dissertation die Hierarchie und die Interaktionen 

der Stressoren anhand von Monitoringdaten zu analysieren. Der statistische Ansatz folgte dem 

von Feld et al. (2016b) veröffentlichten „Kochbuch“ für die Analyse multipler Stressoren. 

Insgesamt wurde die Auswirkung von 12 Umweltvariablen dreier Stressorgruppen auf Fische, 

Makroinvertebraten und aquatische Makrophyten untersucht. Als Reaktionsvariablen wurden 

sowohl funktionale und ökologische Metriks als auch biologische Indizes verwendet. 

Die Gewässerstruktur wurde als dominierende Stressorgruppe für die Fließgewässerfauna 

identifiziert. Insbesondere die Qualität der Sohlstruktur spielte eine entscheidende Rolle bei der 

Beeinträchtigung der untersuchten Gewässerorganismen. Insgesamt war die erklärte Varianz der 

Makroinvertebraten-Metriks höher als die der Fische und Makrophyten. Vor allem wurden 

aggregierende Metriks wie z. B. der prozentuale Anteil der Insektenordnungen Ephemeroptera, 

Plecoptera und Trichoptera (EPT) in den Modellen besser erklärt als funktionale Metriks wie z. B. 

der prozentuale Anteil verschiedener Ernährungstypen. Insgesamt dominierten additive Stressor-

Effekte, während signifikante und aussagekräftige Interaktionen selten und schwach waren. Dies 

ließ auf unabhängig wirkende Stressoren schließen. 
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Kapitel II: Entwicklung und Validierung eines auf Makroinvertebraten basierenden 

Biomonitoring-Tools zur Bewertung der Auswirkung von Feinsedimenten in 

Mittelgebirgsbächen 

Während Feinsediment ein integraler Bestandteil der Fließgewässersysteme ist, beeinträchtigt 

eine übermäßige Feinsedimentablagerung auf oder in der Fließgewässersohle die aquatischen 

Lebensgemeinschaften. Dies gefährdet das Erreichen des guten ökologischen Zustands. Trotz 

des Konsenses, dass eine übermäßige Feinsedimentablagerung gravierende Auswirkungen auf 

Fließgewässerökosysteme hat (z. B. Jones et al., 2012b), gibt es derzeit keine allgemein 

anerkannte und angewandte Methode für das Monitoring der Feinsedimentbelastung. 

Insbesondere Makroinvertebraten sind von einer Feinsedimentbelastung betroffen. Sie zeigen 

dabei Veränderungen in der Häufigkeit und in der Zusammensetzung der Lebensgemeinschaften. 

Daher lässt sich an ihnen sehr gut die Feinsedimentbeeinträchtigung erfassen. 

Vor diesem Hintergrund wurde in dem zweiten Kapitel ein gewässertypspezifischer biologischer 

Index (DFSI) entwickelt, der die Feinsedimentbelastung in grobmaterialreichen, silikatischen 

Mittelgebirgsbächen (Typ 5) widerspiegelt. Der DFSI basiert dabei auf der taxonspezifischen 

Reaktion von Makroinvertebraten auf die Feinsedimentbelastung. An 73 Probestellen wurden 

mittels einer Sediment-Remobilisierungstechnik Feinsedimentproben entnommen. Für alle 

Probestellen standen Makroinvertebraten-Taxalisten zur Verfügung, welche aus 

Monitoringprogrammen resultierten. Zur Ermittlung der Indikatortaxa wurde die TITAN-Methode 

(Threshold Indicator Taxa Analysis, Baker and King, 2010) angewendet. Die ermittelten 

Indikatortaxa wurden dann für die Indexentwicklung eingesetzt. Schließlich wurde der DFSI 

anhand eines unabhängigen Datensatzes getestet und mit anderen Feinsedimentindizes und 

Metriks verglichen. 

Insgesamt konnten 95 Indikatortaxa mittels TITAN identifiziert werden. Einige Taxa tolerierten 

dabei große Feinsedimentmengen (z. B. Gammarus roeselii und Tubificidae Gen. sp.), andere 

wiederum reagierten äußerst sensibel auf erhöhte Feinsedimentgehalte (z. B. Elodes sp. und 

Limnius perrisi). Die Anwendung des DFSI auf einen unabhängigen Datensatz zeigte, dass der 

Index Feinsedimentmengen anzeigen konnte (Spearman's rho = 0,63). Im Vergleich zu anderen 

Feinsedimentindizes und Standardmetriks, welche im Rahmen von Monitoringprogrammen 

angewendet werden, konnte der DFSI die Feinsedimentmengen deutlich besser indizieren. 
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Kapitel III: Entwicklung eines biologischen Bewertungsverfahrens für 

Feinsedimentbelastung in Mittelgebirgsbächen 

Die Entwicklung eines Index ist ein wesentlicher Schritt bei der Ermittlung von 

feinsedimentbelasteten Fließgewässerabschnitten. Fließgewässermanager benötigen allerdings 

auch Ergebnisse, die in Qualitätsklassen ausgedrückt werden und somit eine Unterscheidung 

eines akzeptablen Zustands von einem inakzeptablen Zustand ermöglichen. 

Im dritten Kapitel der Dissertation wurde daher ein Bewertungssystem entwickelt, das den DFSI 

(Kapitel II) anwendbar macht, indem die DFSI-Werte in Qualitätsklassen überführt wurden. Dafür 

wurden Daten von 489 Makrozoobenthos-Probestellen verwendet. In einem ersten Schritt sollte 

ein spezifischer Wert für den Grundzustand des Feinsedimentes abgeleitet (FSBS). In einem 

zweiten Schritt sollten ausgehend von dem Grundzustand fünf Qualitätsstufen für die 

Feinsedimentbelastung definiert („sehr gut“, „gut“, „mäßig“, „unbefriedigend“ und „schlecht“). 

Darüber hinaus wurde ein zweiter unabhängiger Datensatz zur Validierung verwendet. Ein 

weiteres Ziel im dritten Kapitel der Dissertation bestand darin, den Einfluss der Landnutzung im 

Einzugsgebiet der Probestellen auf die Feinsedimentbelastung zu analysieren und 

Schwellenwerte für den DFSI entlang des Landnutzungsgradienten abzuleiten. Dazu wurde eine 

Random Forest-Analyse durchgeführt. Dabei wurden fünf Landnutzungstypen als erklärende 

Variablen und der DFSI als Reaktionsvariable verwendet. 

Ein reliabler Wert für den FSBS wurde mittels eines mathematischen Verfahrens und des 

anschließenden Tests an einem unabhängigen Datensatz festgelegt. Unter Anwendung einer 

Methode, die ähnlich der für die Klassifizierung der Ökologischen Qualitätsquotienten (EQR) ist, 

konnten ausgehend von dem FSBS Grenzen der fünf Qualitätsstufen für die 

Feinsedimentbelastung berechnet werden. Des Weiteren wurde „Ackerland“ als stärkste 

erklärende Landnutzungsvariable für Feinsedimentmengen in der Random Forest-Analyse 

ermittelt, gefolgt von der Variable „Siedlung“. Letztere erklärte jedoch einen deutlich geringeren 

Teil der Variation des DFSI. DFSI-Schwellenwerte wurden bei ~12% „Ackerland“ und ~3% 

„Siedlung“ festgestellt. Dies weist darauf hin, dass eine abrupte Reaktion der Makroinvertebraten 

schon bei relativ geringen prozentualen Anteilen der Einzugsgebietsnutzung auftreten kann. 
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Table S1 List of the sampling sites with GPS coordinates and reach-averaged fine sediment mass in 

different fractions and components at the sampling sites of the calibration and validation data set. 

Site_ID Dataset Longitude Latitude Reach-averaged fine sediment mass (g/m2) 

    Total Inorganic Organic Sand Silt and clay 

CAL_1 Calibration 7,262911 51,392277 1291 1154 137 1029 262 

CAL_2 Calibration 7,252573 51,404831 3017 2839 178 2219 798 

CAL_3 Calibration 8,173359 51,449723 1359 1244 115 827 532 

CAL_4 Calibration 8,158178 51,441659 832 NA NA 196 636 

CAL_5 Calibration 8,132616 51,432907 1526 1384 142 372 1154 

CAL_6 Calibration 7,161518 51,328237 986 897 89 746 240 

CAL_7 Calibration 7,140113 51,36774 716 619 97 352 364 

CAL_8 Calibration 7,038689 51,374874 346 305 41 158 188 

CAL_9 Calibration 7,34689 51,301846 655 550 106 301 355 

CAL_10 Calibration 7,530746 51,227774 116 93 22 33 83 

CAL_11 Calibration 7,51657 51,286218 329 284 45 135 193 

CAL_12 Calibration 7,2482 51,342383 5760 4747 1012 1116 4643 

CAL_13 Calibration 7,195356 51,407269 10751 9979 772 8375 2376 

CAL_14 Calibration 7,194813 51,382561 9286 NA NA 7090 2197 

CAL_15 Calibration 6,961872 51,366015 2121 1941 180 682 1440 

CAL_16 Calibration 7,595198 51,205606 1080 952 128 566 515 

CAL_17 Calibration 7,8062 51,015316 2316 2174 142 1642 674 

CAL_18 Calibration 7,841811 51,020825 4314 3938 376 3754 561 

CAL_19 Calibration 7,774552 51,024561 1005 932 73 664 341 

CAL_20 Calibration 7,649309 51,107473 502 435 67 224 278 

CAL_21 Calibration 7,838139 51,305679 2532 2370 162 1627 905 

CAL_22 Calibration 7,59644 51,422065 910 780 131 252 658 

CAL_23 Calibration 7,530462 51,441246 1607 1453 154 869 738 

CAL_24 Calibration 7,539344 51,435437 4535 NA NA 2589 1947 
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CAL_25 Calibration 7,497956 51,434168 815 769 45 111 704 

CAL_26 Calibration 7,660448 51,421627 4223 3822 401 2417 1806 

CAL_27 Calibration 7,746468 51,350692 849 736 113 438 411 

CAL_28 Calibration 7,785871 51,369145 557 466 90 198 359 

CAL_29 Calibration 7,880818 51,341946 1834 1670 164 1253 581 

CAL_30 Calibration 7,948536 51,299762 1048 975 73 757 291 

CAL_31 Calibration 7,894723 51,297063 2733 2351 382 1298 1435 

CAL_32 Calibration 7,805521 51,288654 1832 1462 370 398 1434 

CAL_33 Calibration 8,053074 51,050859 1339 NA NA 926 413 

CAL_34 Calibration 7,819782 51,195868 1737 1588 148 976 760 

CAL_35 Calibration 8,03345 51,131272 317 269 48 41 276 

CAL_36 Calibration 8,146391 51,043132 707 622 85 395 312 

CAL_37 Calibration 8,076894 51,150818 941 813 128 202 739 

CAL_38 Calibration 8,390115 51,481957 3500 NA NA 1960 1540 

CAL_39 Calibration 8,413035 51,480325 1516 1383 133 899 616 

CAL_40 Calibration 8,398814 51,481183 3489 3339 150 2914 575 

CAL_41 Calibration 8,335517 51,418465 436 405 31 352 83 

CAL_42 Calibration 8,438598 51,45438 2605 2370 235 2010 596 

CAL_43 Calibration 8,524361 51,461588 1363 1222 142 471 892 

CAL_44 Calibration 8,539968 51,345415 1342 1228 114 879 463 

CAL_45 Calibration 8,487792 51,329925 1903 1757 146 809 1094 

CAL_46 Calibration 8,145346 51,459394 1110 1002 108 567 543 

CAL_47 Calibration 8,074002 51,382705 188 137 51 39 149 

CAL_48 Calibration 8,106345 51,454238 1837 1679 158 690 1148 

CAL_49 Calibration 8,055439 51,426509 496 404 92 98 398 

CAL_50 Calibration 7,88147 51,479371 2590 2202 389 1146 1444 

CAL_51 Calibration 7,823831 51,481482 20930 19030 1901 4583 16348 

VAL_1 Validation 8,477009 51,250964 365 335 30 224 141 

VAL_2 Validation 8,26488 51,284047 852 752 100 466 386 

VAL_3 Validation 8,283807 51,340447 1435 1379 56 1163 272 

VAL_4 Validation 8,460924 51,227332 326 276 50 110 217 

VAL_5 Validation 8,338081 51,3499 2317 2182 135 1631 685 

VAL_6 Validation 7,947837 51,271451 936 812 124 439 497 

VAL_7 Validation 7,846245 51,169758 563 495 68 114 449 

VAL_8 Validation 7,858634 51,174703 181 137 44 40 141 

VAL_9 Validation 7,622445 51,19956 1112 973 139 185 927 

VAL_10 Validation 7,427719 51,331278 277 215 63 60 217 

VAL_11 Validation 7,586519 51,043295 927 794 133 103 824 

VAL_12 Validation 7,617858 51,018885 1489 1279 210 595 894 

VAL_13 Validation 7,427475 51,260278 762 594 168 54 708 

VAL_14 Validation 7,408281 51,244973 221 133 88 62 160 

VAL_15 Validation 7,139509 51,062385 2525 2264 261 330 2195 

VAL_16 Validation 7,165779 51,073682 4632 4152 480 1426 3206 

VAL_17 Validation 7,428292 51,129469 2854 2582 272 567 2287 
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VAL_18 Validation 7,495124 51,120591 4247 3847 400 2396 1851 

VAL_19 Validation 7,847076 51,198726 832 715 117 181 651 

VAL_20 Validation 7,713773 51,189135 1707 1301 406 253 1454 

VAL_21 Validation 7,647401 50,926198 341 315 26 138 203 

VAL_22 Validation 7,63633 50,928164 378 331 47 170 208 

 

 

Table S2 Descriptive statistics of the reach-averaged fine sediment mass (g/m2) in different fractions and 

components at the sampling sites of the calibration (CAL) and validation (VAL) data set. 

 Variable Number of sites Median Mean Range SD 

C
A

L
 

Total 51 1359 2355 116-20930 3355 

Inorganic 46 1225 1973 93-19030 3051 

Organic 46 132 214 22-1901 313 

Sand 51 746 1228 33-8375 1642 

Silt and clay 51 596 1127 83-16348 2307 

V
A

L
 

Total 22 889 1331 181-4632 1264 

Inorganic 22 773 1176 133-4152 1151 

Organic 22 120 155 26-480 131 

Sand 22 205 487 40-2396 619 

Silt and clay 22 574 844 141-3206 841 
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Fig. S1 Mean monthly precipitation depths in the study area during the 2014 and 2015 water years as well 

as the average values for the period 1927–2014 

Raw data were sourced from Ruhrverband, 2014; 2015; 2016. 

 

 

Fig. S2 Mean monthly unaffected runoff at the mouth of the main channel of the study area during the 2014 

and 2015 water years compared with the average values for the period 1927–2015. 

Raw data were sourced from Ruhrverband, 2014; 2015; 2016. 
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Fig. S3 Mean monthly air temperatures measured during the 2014 and 2015 water years at the stations at 

Essen (A) and Kahler Asten (B) in comparison with the average values for the period 1981–2010. 

The comparison of the stations Essen and Kahler Asten describes the climatic differences between the lower northwest area and the 

upper parts of the study area. 

Raw data were sourced from Ruhrverband, 2014; 2015. 

 

 

Fig. S4 Picture showing sampling of fine sediment using the stainless steel cylinder.  
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Short description of the sampling methods 

 

Benthic invertebrates 

Benthic invertebrates sampling followed the standardized "multi-habitat sampling” approach 

(Haase et al., 2004; Meier et al., 2006). This technique is conceptualized for sampling the major 

microhabitats (substrates) proportional to their cover at a sampling site. The basis for this is an 

estimation of the microhabitat coverage in 5% steps within a sampling reach of 50-100 metres of 

length. Each benthic invertebrate sample consists of 20 sample units (0.25 x 0.25 m) taken from 

all microhabitats with >5% coverage by means of kick sampling and manually disturbing using a 

hand net (frame 0.25 x 0.25 m, mesh size: 500 µm). The distribution of sample units must reflect 

the relative share of microhabitats (one sample unit per 5% microhabitat coverage). The 20 

sample units result in 1.25 m2 of stream bottom sampled. They are pooled and preserved in the 

field. Benthic invertebrates are sorted from the substrate in the laboratory and identified usually to 

species/genus according Haase et al. (2006). The result is a taxa list giving the number of 

individuals projected to the whole sample. 

 

Fish 

Fish sampling was in accordance with CEN 14011 (CEN, 2003) using an electroshocking device. 

Depending on the stream section size (width and depth) sampling can be performed either by 

wading or using a boat. In order to allow a sufficient characterization of the fish community at a 

sampling site, the recommended sampling length is generally 10 x the stream width, but not less 

than 100 m. In a sampling reach, all habitats are sampled to ensure the detection of all potentially 

existing species and age levels. All caught fish are held in plastic tubs until the end of the sampling 

event. Subsequently, they are identified to species level, counted and measured for length alive 

and returned to the stream. The results are recalculated as catch per unit effort and expressed as 

abundance per hectare, to improve comparability. 

 

Macrophytes 

Sampling of the macrophyte vegetation need to be carried out during the main vegetation period 

(usually mid-June to early September). The sampling reach should have consistent conditions in 

terms of flow velocity, shading and sediment conditions. The reach length to be assessed is 

usually approx. 100 metres. Macrophytes appearing in the analysed reach are examined by 

inspecting the watercourse as far as possible against the flow direction. In order to include the 

entire width of the watercourse into the investigation, the stream reach should be waded in a 
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zigzag. The use of a boat, particularly in deep, non-walkable streams is possible, but not 

obligatory. All macrophyte species are normally identified in the field and their abundance is 

estimated according to the 5-point scale (1 = very rare, 2 = rare, 3 = common, 4 = frequent, 5 = 

abundant, predominant) compiled by Kohler (1978). In addition, the growth forms of macrophytes 

(submerged, emergent or floating-leaved) are noted. A glass-bottom bucket can be used for the 

inspection of submerged macrophytes. If identification is uncertain, a representative sample can 

be collected for later identification in the laboratory with specific literature. 
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