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1. Introduction

Structure of this habilitation thesis and included publications

This cumulative habilitation thesis consists of several peer-reviewed journal articles that 

have been published within the last five years. The research questions of all publications 

revolve around the  effects  of  toxicants  on freshwater  ecosystems.  This first  chapter 

outlines  the  research  context  of  the  individual  publications.  The  following  chapters 

feature the different  publications arranged according to  topics.  Publications I  and II 

primarily deal with the passive sampling of organic toxicants in a mesocosm and field 

study. Publications III to VII mainly focus on trait-based approaches for the detection of 

effects of toxicants, with publications III and IV including a discussion of the general 

framework and publications V to VII addressing the application in mesocosm and field 

studies. Statistical data analysis approaches to examine effects of toxicants in freshwater 

ecosystems  are  the  subject  of  publications  VIII  to  X.  Publications  XI  and  XII 

concentrate  on  the  effects  of  toxicants  on  biodiversity,  ecosystem  functions  and 

services. For a brief overview on the interrelation between the publications, I refer the 

reader to Figure 1. The publications are discussed synoptically and general conclusions 

are  drawn in the chapter  following the publications.  In  addition,  avenues for  future 

research are delineated. The final chapter briefly summarises this habilitation thesis.

Toxicants in freshwater ecosystems

Human societies are altering natural  systems on a global scale (Imhoff et  al.,  2004; 

Rockstrom et al., 2009; Tollefson and Gilbert, 2012). If current trends prevail this may 

lead to major losses in biodiversity and ecosystem functions that are crucial for human 

societies(Cardinale et al., 2012; Hooper et al., 2012; MEA, 2005). Species in freshwater 

ecosystems are  among those facing the highest  extinction risks (Heino et  al.,  2009; 

MEA,  2005;  Pereira  et  al.,  2010;  Revenga  et  al.,  2005).  There  are  a  multitude  of 

stressors contributing to the ecological deterioration of freshwater ecosystems including 

contamination  by  toxicants,  eutrophication,  input  of  organic  matter  and  habitat 

degradation  (Vorosmarty  et  al.,  2010;  Woodward et  al.,  2012).  The main groups of 

toxicants mentioned in the Millenium Ecosystem Assessment encompass pesticides and 
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heavy metals (MEA, 2005). Moreover, salinisation is listed as a major factor altering 

freshwater quality. Thus, salts can also be considered as toxicants (Kefford et al., 2002).

Most of the knowledge on the effects of toxicants on freshwater ecosystems comes from 

laboratory studies or studies conducted in semi-natural experimental systems (hereafter: 

mesocosms)  (Beketov  and  Liess,  2012;  Mayer-Pinto  et  al.,  2010).  For  example,  a 

literature analysis reported that  only 0.6% of studies on the effects of pesticides on 

freshwater invertebrates were done in the field (Beketov and Liess, 2012). This follows 

the paradigm that  insights into causal relationships can only convincingly be gained 

from randomised experiments  (Shipley,  2004),  e.g.  in  laboratory  or  controlled  field 

settings. But since laboratory and mesocosm systems may differ from natural systems 

regarding characteristics such as species composition and sensitivity (Beketov et al., 

2008),  availability  of  recolonisation  pools  (Sundermann  et  al.,  2011),  species 

interactions  and  co-occurring  stressors  (Liess  and  Beketov,  2011),  field  studies  are 

crucial for the validation of insights gained from artificial systems (Carpenter, 1996; 

Mayer-Pinto et al., 2010). In contrast to experimental settings, the establishment of a 

causal link between toxicant exposure and observed ecological patterns in field studies 

is often aggravated by the occurrence of potentially collinear confounding factors (Liess 

et al., 2008). In addition, toxicants such as pesticides are difficult to monitor under field 

conditions  because  they  typically  occur  episodically  in  freshwater  ecosystems.  The 

episodic occurrence is due to (1) specific application periods and (2) entry paths, which 

are partly associated with strong precipitation events (Guo et al., 2004; Kreuger, 1998; 

Leu et al., 2004). Since even short-term pesticide exposures of a few hours may cause 

adverse ecological effects (Andersen et al., 2006; Hose et al., 2003; Schulz and Liess, 

2000), field studies aiming at a realistic ecological risk assessment of pesticides require 

sampling methods that are suitable to capture short-term pulses (Mortimer et al., 2007).

Time-integrative passive sampling of toxicants

Passive  samplers  can  be  defined  as  devices  with  a  receiving  phase  that  passively 

accumulates  substances  from  the  sampled  medium  via  free  diffusion  (International 

Organization for Standardization, 2011). Advantages of passive sampling over active 

sampling  can  include  lower  limit  of  detection,  less  matrix  interference  in  chemical 

analysis and lower costs (Miege et al., 2012; Morin et al., 2012; Zabiegała et al., 2010). 

Disadvantages  can  include  more  intensive  sample  processing  and  the  necessity  of 
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laboratory studies to determine sampling rates in the case of continuous monitoring 

(Miege et al., 2012; Morin et al., 2012; Zabiegała et al., 2010). In the last two decades, 

several passive sampling techniques have been developed for the continuous (i.e. time-

integrative) monitoring of chemicals over time frames from days to months (see reviews 

by Kot et al., 2000; Kot-Wasik et al., 2007; Seethapathy et al., 2007; Stuer-Lauridsen, 

2005; Vrana et al., 2005). Recent studies have shown that integrative passive samplers 

are also suitable to detect short-term pulses of heavy metals and pesticides (Allan et al., 

2010; Blom et al., 2002; Persson et al., 2001; Schäfer et al., 2008; Shaw and Mueller, 

2009). Time-integrative passive sampling requires that the receiving phase remains in 

the  kinetic  uptake regime and does not  reach thermodynamic  equilibrium, which is 

determined by the passive sampler – medium partition coefficient (Booij et al., 2007). 

The sampling rate Rs for a substance s is approximately linear until the mass of s in the 

receiving phase Ms reaches half-saturation (Greenwood et al., 2007; Vrana et al., 2005). 

Within  this  linear  uptake  regime,  the  Time-Weighted  Average  (TWA) concentration 

CTWA for s can be derived for the deployment time t according to:

CTWA=
M st 

Rs t Equation 1

Thus, for the calculation of the CTWA of a substance, Rs and the kinetic regime have to be 

known. Although the sampling rates for a substance can be determined in laboratory 

experiments (Gunold et al., 2008; Macleod et al., 2007; Tran et al., 2007), fluctuating 

environmental  conditions  in  the  field  can  strongly  influence  the  exchange  kinetics 

between  the  receiving  phase  and  the  sampled  medium,  consequently  altering  the 

sampling rate in the field. In this context, the first publication examines the impact of 

biofouling  and  the  use  of  diffusion-limiting  membranes  on  the  sampling  rate  for  a 

neonicotinoid insecticide pulse in a mesocosm experiment. Publication II describes the 

application of a novel method to assess the kinetic status of passive samplers in the 

field.  Finally,  publication  VI  includes  a  comparison  of  the  performance  of  passive 

sampling  with  sediment  and grab  water  sampling  when used for  the  assessment  of 

ecological risks from pesticides (Fig. 1).

Trait-based approaches for ecological risk assessment

Besides challenges to appropriately characterise the exposure of toxicants in the field, 
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there is an even greater challenge to identify effects of toxicants in ecosystems given 

that  the  effects  may  be  masked  by  confounding  environmental  factors  and  natural 

variability. Two prominent approaches to link toxicants and community composition are 

the use of ecological indices and multivariate statistics (Newman and Clements, 2008). 

Many  ecological  indices  have  been  developed  in  the  last  100  years  to  assess  the 

ecological  status  of  freshwater  ecosystems  (Bonada  et  al.,  2006).  Most  indices  are 

calculated using taxonomic properties of the aquatic macroinvertebrate community such 

as the fraction of Ephemeroptera, Plecoptera and Trichoptera taxa (% EPT)(Plafkin et 

al., 1989), absence/presence of selected index taxa (e.g. Hilsenhoff, 1987), the ratio of 

the number of observed (O) taxa to the taxa which would be expected (E) if the system 

was in a reference state (O/E) as in RIVPACS or AUSRIVAS (Marchant et al., 1999; 

Marchant et al., 1997; Wright et al., 1993), species diversity or species richness (Bonada 

et  al.,  2006;  Cairns  and  Pratt,  1993).  Although  several  indices  worked  reliably  in 

detecting  general  ecological  degradation  (Böhmer  et  al.,  2004),  most  of  the 

abovementioned indices as well as combinations, i.e. multimetric indices, do not allow 

for the establishment of unambiguous causal relationships with a specific stressor such 

as toxicants (Bonada et al., 2006; Culp et al., 2010; Menezes et al., 2010; Statzner and 

Beche, 2010).

Figure 1: General context of the publications (roman numerals) included in this thesis.

The use of traits such as body size, generation time or reproduction mode has been 

advocated  to  link  ecological  communities  and  environmental  factors  including 

anthropogenic stressors (Heino et al., 2007; Keddy, 1992; McGill et al., 2006; Statzner 
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et al., 2001b; Townsend and Hildrew, 1994). Although the use of species traits has a 

long history in freshwater ecology (Statzner et al., 2001b), studies on the relationship 

between selected species traits and environmental factors as well as their potential for 

bioassessment  have  exponentially  risen  only  in  the  last  two  decades  (Statzner  and 

Beche, 2010). Several studies demonstrated that traits of macroinvertebrates in least-

impacted sites exhibit similar patterns over broad spatial scales (Doledec et al., 2011), 

(Pollard and Yuan, 2010), (Bonada et al.,  2007; Schäfer et al.,  2007; Statzner et al., 

2001a;  von  der  Ohe  et  al.,  2007),  enabling  large-scale  trait-based  bioassessment. 

Moreover, traits have been suggested to facilitate the stressor-specific identification of 

effects under field conditions (Bonada et al., 2006; Menezes et al., 2010; Statzner and 

Beche, 2010).

A practical application of a trait-based index system represents the SPEcies At Risk 

(SPEAR) approach (Liess and von der Ohe, 2005). This approach uses a combination of 

physiological and biological traits of macroinvertebrate species to determine the most 

sensitive taxa in a community with respect to specific stressors (Liess and von der Ohe, 

2005).  SPEAR indices have been developed for  pesticides (Liess and von der  Ohe, 

2005; von der Ohe et al., 2009) and organic toxicants (Beketov and Liess, 2008), where 

they generally demonstrated high specificity to the respective stressor in Central and 

North European as well as Siberian streams (Beketov and Liess, 2008; Liess and von 

der Ohe, 2005; Schäfer et al., 2007; von der Ohe et al., 2009; von der Ohe et al., 2007). 

In publication III, an overview on the challenges to relate toxicants and communities 

under field conditions as well as a summery of studies applying the SPEAR approach is 

given. Moreover, in this publication the specificity of the SPEAR index for pesticides 

(hereafter  SPEARpesticides) and  of  several  commonly  used  taxonomy-based  indices  is 

compared. Publication IV describes the compilation of a trait database for South-East 

Australian taxa  and the  development  of  a  trait-based SPEAR index for  salinisation, 

which is one of the most pressing environmental issues in large parts of Australia and 

other  arid  or  semi-arid  regions  (Cañedo-Argüelles  et  al.,  2012;  Williams,  2001).  In 

addition,  a  conceptual  model  for  the  development  of  further  trait-based  indices  is 

suggested. The application of traits for the analysis of a mesocosm experiment on the 

effects of a neonicotinoid insecticide is described in publication V. This publication also 

discusses the relevance of considering species traits for the ecological risk assessment of 

mesocosm studies used in the authorisation of pesticides. The publications II and VI 
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report on the application of the SPEAR indices for pesticides and organic toxicants for 

the  analysis  of  field  studies  in  South-East  Australian  streams  (Fig.  1).  Thus,  these 

studies  also  contribute  to  the  question  of  transferability  of  approaches  to  other 

biogeographical regions, which is generally an “underappreciated aspect” (Wenger and 

Olden,  2012).  Publication  VII  examines  the  threshold  of  pesticide  effects  for  the 

structure  of  field  communities  employing  dose-response  modelling  and the 

SPEARpesticides index for pooled data from different continents (Fig. 1).

Statistical approaches to identify effects of toxicants

Statistical data analysis represents a crucial step in each scientific study. The primary 

focus of the publications related to this section is the statistical analysis of large datasets 

including the  development  of  a  novel  method.  In  ecology,  the  recent  decades  have 

witnessed the birth of the sub-discipline of macroecology, which mainly relies on data 

analysis and modelling rather then experimental approaches as easily explained by the 

spatial  scale of this sub-discipline (Blackburn,  2004; Kerr et  al.,  2007; Smith et  al., 

2008).  Macroecological  research  aims  at  finding  “general  mechanisms  operating  at 

organism, population and ecosystem levels of organization” at large spatial or temporal 

scales (Smith et al., 2008). Studies on these scales are largely absent for the effects of 

toxicants on ecosystems (Beketov and Liess,  2012),  with the exception of exposure 

modelling (Bach et al., 2001; Pistocchi et al., 2009; Schriever and Liess, 2007). This is 

partly  because  long-term  or  large-scale  spatial  data  mainly  originates  from 

governmental monitoring programs. Although a wide range of toxicants are regularly 

monitored in the surface waters of many countries, these monitoring programs are rarely 

complemented by biomonitoring. Nevertheless, governmental data on toxicants allows 

for an ecological risk assessment based on existing laboratory toxicity data (e.g. De 

Zwart  et  al.,  2006;  Muschal,  2006;  von  der  Ohe  et  al.,  2011),  though  this  can  be 

hampered  by  the  lack  of  ecotoxicological  data  for  many  chemical  substances.  For 

example,  a  study of  von der  Ohe et  al.  (2011)  reported  that  for  only  16% of  500 

substances, selected for monitoring programmes in four European river basins due to 

their assumed ecotoxicological and toxicological relevance, complete ecotoxicological 

data  for  algae,  invertebrates,  and  fish  were  available.  However,  if  the  toxicity  for 

structurally similar chemical compounds is known, computer models can be employed 

to predict the toxicity of an unknown compound (Schüürmann et al., 2011; von der Ohe 

et al., 2005). Publication VIII describes a study where data on 331 organic toxicants 
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monitored  in  4  large  German  rivers  over  11  years  were  assessed  regarding  their 

ecotoxicological  risk for algae,  invertebrates and fish using laboratory and predicted 

toxicity  data  (Fig.  1).  Thus,  this  publication  clarifies  to  which  extent  toxicants  can 

influence the ecological status of large rivers and identifies the ecotoxicologically most 

relevant substances.

A frequently used measure for the ecological risk assessment of toxicants represents the 

Potentially  Affected  Fraction  (PAF)  of  species  in  a  community  (Posthuma  and  De 

Zwart,  2006;  Posthuma  et  al.,  2002).  The  PAF  is  mostly  derived  from  Species 

Sensitivity Distributions (SSD) for laboratory toxicity data. SSDs have been criticised 

with respect to several aspects (Forbes and Calow, 2002; Kefford et al., 2005; Newman 

et al., 2000) including that the used laboratory toxicity data does not represent a sample 

of the species in the ecosystem for which conclusions are drawn, hence the estimated 

PAF can be incorrect (Forbes and Calow, 2002). However, if large toxicant exposure 

data sets with corresponding biomonitoring data are available, the PAF could be derived 

from the data directly (Kwok et al., 2008; Leung et al., 2005). This would enable an 

assessment of how many species are lost from the community with increasing toxicity, 

which in turn could ultimately lead to a  reduction in biodiversity (McMahon et  al., 

2012). A novel similarity-index based method to derive the loss of species over different 

contamination  categories  is  presented in  publication IX.  This  method requires  large 

(defined as a minimum of 100 samples but > 300 samples recommended) community 

data sets with associated toxicity data. A distinct feature of the method is that it pools 

data over spatial and/or temporal scales in order to remove community change due to 

natural variation and other environmental variables. Three case studies for pesticides, 

heavy metals and salinity illustrate the novel method. However, this method as well as 

the suggested stressor-specific indices described above aim at removing the effect of 

natural  variability  and  of  other  environment  stressors.  But  these  effects  can  be  of 

interest,  for example when investigating the influence of toxicants in comparison to 

other  stressors  on  community  composition.  To  address  such  research  questions, 

multivariate statistical methods are considered as appropriate (Zuur et al., 2007). The 

relative importance of pesticides and salinity for community composition is the subject 

of  publication  X,  employing  distance-based  redundancy  analysis  (Legendre  and 

Anderson, 1999; McArdle and Anderson, 2001). In addition, this study examines the 

question of a potential interaction effect between the two groups of toxicants. Similarly, 
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the potential interaction between pesticides and salinity is analysed in publication IV 

using  a  large  governmental  monitoring  data  set  in  concert  with  the  modelling  of 

pesticide exposure (Fig. 1).

Effects of toxicants on ecosystem functions

Toxicants can not only affect the structure of communities but alter ecosystem functions 

(Schäfer  et  al.,  2007;  Schäfer  et  al.,  2011).  The  Millennium Ecosystem Assessment 

(MEA,  2005)  has  increased  the  awareness  that  ecosystem  functions  are  a  crucial 

prerequisite  for  the  provisioning  of  ecosystem services  to  human  societies  such  as 

drinking water, waste removal or food. Primary production and the decomposition of 

allochthonous organic matter such as leaves or plant matter from the riparian vegetation 

represent the most important ecosystem functions in stream ecosystems as they deliver 

energy for the freshwater food web (Tank et al., 2010; Wallace et al., 1997). Model-

based  calculations  quantified  the  contribution  of  primary  production  and  the 

decomposition of allochthonous organic matter (primarily leaves) to the total carbon 

budget  of  the  first  100  km  of  a  whole  river  system  to  80  and  20%,  respectively 

(Webster, 2007). An estimate for the local contribution of primary production to the 

energy  budget  is  obtained  when  dividing  primary  production  by  the  ecosystem 

respiration, both of which can be derived from the measurement of stream metabolism 

(Tank et al., 2010). A broad range of anthropogenic stressors have been identified that 

can  adversely  affect  the  primary  production  and  decomposition  of  allochthonous 

organic  matter  (Gessner  and Chauvet,  2002;  Young et  al.,  2008).  Impacts  on  these 

ecosystem functions may spread downstream across the whole river continuum (Delong 

and  Brusven,  1994).  Only  few  studies  have  examined  the  effects  of  toxicants  on 

ecosystem functions, with an almost complete lack of field studies (Rasmussen et al., 

2012). Publication XI briefly discusses the relationship of ecological risk assessment 

and biodiversity, ecosystem functions and ecosystem services with a special emphasis 

on toxicants and summarises several studies of a special issue on this topic (Fig. 1). 

Publication XII presents one of the few field studies on the effects of toxicants on the 

ecosystem functions of primary production,  ecosystem respiration and allochthonous 

organic  matter  decomposition.  Finally,  publication  VII  elucidates  the  relationship 

between effects on the freshwater community and the decomposition of allochthonous 

organic matter and examines whether there is a threshold for the effects of pesticides on 

this ecosystem function.
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14. Synoptic Discussion and Conclusions

The current thesis features several publications on the impact of toxicants on freshwater 

ecosystems.  This  chapter  includes  the  main  results,  a  synoptic  discussion  and 

conclusions.

Time-integrative passive sampling of toxicants

As outlined in the introduction, time-integrative passive sampling can be used for the 

the continuous characterisation of the exposure to toxicants. This thesis comprises three 

publications (I, II and VI) dealing with different aspects of passive sampling including a 

comparison to standard water monitoring methods in terms of grab water and sediment 

sampling. In order to compute Time-Weighted Average (TWA) concentrations from the 

mass of a substance in the receiving phase of a passive sampler after field deployment, 

substance-specific  sampling  rates  are  required,  which  are  usually  determined  in 

laboratory experiments (Gunold et al., 2008; Macleod et al., 2007; Morin et al., 2012; 

Tran et al., 2007). Publication I demonstrates that a 10-day biofouling of the Empore 

disk  receiving  phase  of  the  Chemcatcher  passive  sampler  during  field  deployment 

reduced  the  sampling  rate  approximately  fourfold.  This  would  lead  to  an 

underestimation of the exposure to toxicants when TWA concentrations were calculated 

using uncorrected sampling rates determined in the laboratory. To reduce biofouling of 

the Empore disk, the deployment time could be shortened. For example if the sampling 

is targeted at episodic exposures of toxicants such as pesticides, the passive samplers 

could be deployed shortly before expected exposure events. Moreover, protection of the 

receiving  phase  from sunlight  has  been  demonstrated  to  reduce  the  fouling  of  the 

Empore  disk  (Vermeirssen  et  al.,  2008).  Thus,  the  samplers  should  be  deployed in 

shaded  stretches  of  waterways  or  a  container  could  be  constructed  that  shields  the 

passive samplers from sunlight during field deployment.  Another option to cope with 

biofouling is the use of a diffusion-limiting membrane. Diffusion-limiting membranes 

from Low-Density  Polyethylene  (LDPE)  or  polyethersulfone  (PES)  are  resistant  to 

biofouling and consequently protect the receiving phase from fouling (Harman et al., 

2009;  Stephens  et  al.,  2009;  Vrana  et  al.,  2006).  In  addition,  diffusion-limiting 

membranes increase the possible sampling time in the linear uptake regime (Stephens et 
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al., 2009), though this comes at the cost of a lower sampling rate. Publication I shows 

that short-term exposures of 24 hours are not captured in the receiving phase when 

using a diffusion-limiting PES membrane. This is very likely due to the lag phase of the 

substances  passing  through  the  PES  membrane,  which  is  in  agreement  with  other 

studies  (Vermeirssen  et  al.,  2012;  Vermeirssen  et  al.,  2009).  Co-extraction  of  the 

diffusion-limiting membrane with the receiving phase could be an option when such a 

membrane  is  employed,  though  the  water-PES  partitioning  behaviour  needs  to  be 

known for the correct calculation of TWA concentrations (Vermeirssen et al., 2012).

Generally, not only biofouling but also hydrodynamics and temperature influence the 

sampling rates of passive samplers (Soderstrom et al., 2009). To account for all of these 

influences  during  field  exposure,  the  so-called  Performance  Reference  Compound 

(PRC) approach has been developed (Huckins et al., 2002). PRCs are usually deuterated 

analogues of target compounds spiked into the receiving phase before field deployment. 

Subsequently,  the  dissipation  of  these  compounds  in  the  field  is  monitored.  Under 

isotropic exchange kinetics (i.e. uptake rate equals dissipation rate) PRCs can be used to 

correct laboratory sampling rates for field conditions (Huckins et al., 2002). The PRC 

approach  has  been  successfully  employed  in  several  studies  with  passive  sampling 

devices  for  rather  hydrophobic  substances  (Allan  et  al.,  2009;  Booij  et  al.,  2002; 

Huckins et al., 2002; Komarova et al., 2009). Unfortunately, the development of a PRC 

approach for hydrophilic compounds is problematic because for most potential PRCs 

the dissipation rate is different from their uptake rate (Gunold et al., 2008; Mills et al., 

2007; Shaw et al., 2009; Stephens et al., 2009). Nevertheless, recent studies suggest that 

a  few  hydrophilic  deuterated  compounds  including  atrazine-desisopropyl  (DIA-d5), 

carbendazim-d4, diclofenac-d4 and ibuprofen-d3 may be suitable as PRCs (Camilleri et 

al., 2012; Mazzella et al., 2010). Future studies should elucidate whether these PRCs are 

reliable for polar passive sampling in the field as this would allow to correct sampling 

rates for the influence of biofouling and other field conditions. However, based on a 

novel approach employing receiving phases of two different thicknesses to determine 

the  kinetic  regime  (cf.  Bartkow  et  al.,  2004;  Muller  et  al.,  2001),  publication  II 

demonstrates that for episodic exposures the PRC approach can be misleading. This is 

because PRCs are continuously dissipated from the receiving phase immediately after 

deployment and thus may indicate equilibrium regime after recovery of the sampler. By 

contrast, the receiving phase may still be in the integrative uptake regime for the target 
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substance if the episodic exposure event occurs late during deployment time. Moreover, 

the  novel  approach with  receiving  phases  of  different  thicknesses  revealed  that  the 

dissipation rates were underestimated by the PRC approach. Nevertheless, prediction of 

the kinetic status of the polydimethylsiloxane (PDMS) passive samplers by the novel 

approach exhibited high variation and higher replication as well as multiple thicknesses 

should be employed in future studies. To sum up, the approach to use receiving phases 

of different thicknesses to derive uptake kinetics may represent a valuable method for 

field  deployments  but  is  limited  to  samplers  where  receiving  phases  of  different 

thicknesses are readily available such as PDMS. For polar passive samplers relying on 

Empore disks (e.g. Chemcatcher (Greenwood et al., 2007; Schäfer et al., 2008)) or on 

sorbents between membranes (e.g. Polar organic chemical integrative sampler [POCIS] 

(Alvarez et al., 2004; Morin et al., 2012)) this approach may be difficult to implement.

The third study on passive sampling (publication VI) used a TRIMethylpentane Passive 

Sampler (TRIMPS) (Hyne et al., 2004; Leonard et al., 2002) for the monitoring of 97 

pesticides  in  24  streams  and  compared  its  performance  to  conventional  monitoring 

methods encompassing grab water and sediment sampling. Sediment sampling detected 

48 different pesticides, followed by TRIMPS passive samplers with 34 pesticides. Grab 

water sampling detected 27 of the 97 pesticides. More importantly, TRIMPS contributed 

considerably to the estimation of the maximum ecotoxicity per sampling site and when 

combined  with  sediment-derived  ecotoxicity  explained  67%  of  the  variance  in  the 

SPEARpesticides index. However, when exclusively based on TRIMPS data the ecotoxicity 

estimation yielded no good relationship with SPEARpesticides. Similarly, the results from 

grab water sampling showed negligible explanatory power for SPEARpesticides alone or 

when added to the estimation from the other sampling methods. While it is well known 

that grab water sampling is likely to miss relevant pesticide exposure (Mortimer et al., 

2007),  ecotoxicity  derived  from  passive  samplers  alone  yielded  a  reasonably  good 

relationship with SPEARpesticides in another study (Schäfer et al., 2008). This may be due 

to  differences in  the exposure paths and in  the chemical  characteristics  of  the most 

ecotoxicologically relevant substances between the studies. In detail, passive samplers 

do primarily extract the water-soluble fraction of substances (Allan et al., 2007; Chen et 

al.,  2007; Gourlay-France et  al.,  2008;  Haftka et  al.,  2010;  Pablo and Hyne, 2009), 

while a considerable fraction of the total mass of hydrophobic and ionic substances can 

be  adsorbed  or  bound  to  dissolved  organic  matter  (DOM)  and  sediment  particles. 
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Although  in  most  cases  the  water-soluble  fraction  determines  bioavailability  and 

consequently ecotoxicological effects (Chen et al., 2007; Droge et al., 2008; Gourlay et 

al., 2005; Green et al., 1993; Hoke et al., 1994; Perron et al., 2012; Rico-Rico et al., 

2009), the adsorbed or particle-bound fraction can be important for aquatic organisms 

that ingest particles or are in direct contact with the sediment phase (Lauridsen et al., 

2006; Liber et al., 2011; Selck et al., 1998; Verrhiest et al., 2001). In addition, DOM has 

been demonstrated to increase the uptake of hydrophobic toxicants (Chiou et al., 1986), 

whereas passive samplers exhibited no clear response to different levels of DOM in two 

studies (Charlestra et al., 2012; Li et al., 2011). Moreover, the toxicant concentrations in 

the water column, which are sampled by passive samplers, may differ from the pore-

water concentrations in the sediment layer (Droge et al., 2008; Liber et al., 2011), which 

has  also  been  shown  for  the  TRIMPS  used  in  the  South-East  Australian  study 

(publication VI) (Pablo and Hyne, 2009). Thus, in cases where hydrophobic or ionic 

substances  as  well  as  particle-  or  sediment-borne  pesticide  exposure  are 

ecotoxicologically relevant, passive samplers may underestimate the ecotoxicity. In the 

latter case, passive sampling may still provide relevant information (cf. publication VI), 

but should be used in concert with suspended particle- and/or sediment sampling for an 

appropriate  assessment  of  the  ecotoxicological  risk.  Overall,  the  studies  on  passive 

sampling in this thesis show that it can be a valuable tool to determine continuous and 

episodic exposure to toxicants, but development is still needed regarding sampling rates 

under  field  conditions  and,  depending  on  the  characteristics  of  the  target  analytes, 

should be complemented by conventional or event-driven sampling methods.

Trait-based approaches for ecological risk assessment

Several publications revolve around the issue of trait-based ecological risk assessment 

(cf. Baird et al., 2008). Publication III presents an overview on several studies where the 

trait-based  SPEARpesticides index  has  been  used  to  establish  a  relationship  between 

macroinvertebrate community structure and estimated pesticide toxicity. It is argued that 

the empirical relationship between the abundance of the pesticide-sensitive taxa in terms 

of SPEARpesticides and the estimated pesticide toxicity derived from field sites can be 

extrapolated to the continental scale using predicted pesticide runoff (cf. Schriever and 

Liess,  2007).  Based  on  this  extrapolation,  the  ecological  risk  from  pesticides  was 

predicted as very high for > 90% of the streams located in 19% of the European area. 
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Hence, pesticides would present a very relevant stressor for freshwater ecosystems on 

the European level. This prediction could be tested in future studies, if European-level 

biomonitoring  and  pesticide  exposure  data  was  available.  Moreover,  publication  III 

shows that commonly used biotic indices such as the % of EPT taxa (Plafkin et al., 

1989)  had  a  low selectivity  and responded  only  to  a  minor  extent  to  the  pesticide 

toxicity  estimated  from concentrations  in  several  agricultural  streams  in  regions  of 

France, Germany and Finland. By contrast, SPEARpesticides exhibited a high and exclusive 

response to the estimated pesticide toxicity. Thus, based on this publication (III) it can 

be  concluded  that  SPEARpesticides is  the  most  appropriate  index  for  the  detection  of 

pesticide stress at least for biomonitoring data from agricultural streams. The index was 

also applied for the analysis of biomonitoring data (publication IV) and field studies 

(VI)  in  South-East  Australian  streams.  Since  the  trait  information  required  for  the 

adaptation  of  SPEARpesticides for  this  region  was  much  scarcer  than  for  Europe,  an 

increase in the variation of the index was expected. Especially the trait physiological 

sensitivity, which is an essential element for this index, has been constructed based on 

acute toxicity data from predominantly European and North American taxa (von der 

Ohe  and  Liess,  2004).  Nevertheless,  the  relationship  between  estimated  pesticide 

toxicity and SPEARpesticides was as high as in other field studies in terms of the explained 

variance (see publications III and VII for details). In fact, publication VII demonstrates 

that  the  trait  composition  of  macroinvertebrate  communities  from  different  global 

regions  (Europe,  Siberia,  South-East  Australia)  exhibits  a  very  similar  response  to 

estimated pesticide toxicity. This is in agreement with studies on the convergence of 

traits  from  fish  communities  over  continents  for  hydraulic  and  geomorphological 

environmental  gradients  (Lamouroux  et  al.,  2002)  and  along  the  river  continuum 

(Ibanez  et  al.,  2009).  Another  study  showed  convergence  of  traits  from  fish 

communities  across  large  spatial  scales  in  response  to  anthropogenic  disturbance in 

terms of urbanisation (Cunico et al., 2011). Thus, the relationship between pesticides 

and the trait pattern of macroinvertebrate communities may converge globally allowing 

for large-scale trait-based ecological risk assessment.

An obvious  prerequisite  for  trait-based  ecological  risk  assessment  is  access  to  trait 

databases.  Several  trait  databases  for  macroinvertebrates  have  been  developed  for 

Europe (Liess and von der  Ohe,  2005;  Schäfer et  al.,  2007;  Schmidt-Kloiber  et  al., 

2006; Statzner et al.,  2007; Usseglio-Polatera et  al.,  2000; Verberk et al.,  2008) and 
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North America (Beche and Resh, 2007; Vieira et al., 2006). Except for databases for 

New Zealand (Doledec et al., 2006; NIWA, 2012) and Bolivia (Tomanova et al., 2007; 

Tomanova and Usseglio-Polatera, 2007) no such databases exist for Australia, Asia and 

other regions in the Southern hemisphere, presumably because of a lack of autecological 

data. In publication IV a first trait database consisting of nine traits for taxa from South-

East  Australia is  presented.  The traits  were selected regarding (1) the adaptation of 

SPEARpesticides and (2) a priori hypotheses which traits would respond to salinisation, one 

of the most important environmental problems in Australia (Cañedo-Argüelles et al., 

2012;  Williams, 1987).  Subsequently,  a  trait-based index for salinity was developed 

following  the  SPEAR  approach,  including  an  examination  of  the  relevance  of  the 

individual  traits.  The resulting SPEARsalinity index was applied to biomonitoring data 

from streams of two South-East Australian states. Between 38% to 50% of variance in 

the  index  was  explained  by  salinity  depending  on  the  state  and  whether  the 

biomonitoring data originated from riffle or pool sections. When compared to existing 

biotic indices including species richness and a Salinity Index (SI) that was developed 

using a machine learning method and claimed to be stressor-specific (Horrigan et al., 

2005),  SPEARsalinity exhibited  the  highest  selectivity  by  exclusively  responding  to 

salinity. By contrast,  all other indices responded to 3 or more further environmental 

variables.  A  recent  study  reported  that  statistical  ecological  models  derived  with 

machine-learning  methods  tended  to  score  poorly  when  transferred  to  another 

biogeographical region (Wenger and Olden, 2012). This may explain the unexpected 

low selectivity of SI,  which has been developed using artificial  neural  networks for 

biomonitoring  data  of  North-East  Australia.  A recent  study  reported  that  statistical 

ecological models derived with machine-learning methods tended to score poorly when 

transferred to another biogeographical region (Wenger and Olden, 2012). Overall, this 

study  suggests  that  ecological  hypotheses  and  mechanistic  knowledge  should  be 

considered  in  the  development  of  trait-based  indices.  Publication  IV  outlines  a 

conceptual model how this could be done. Briefly, the conceptual model proposes that 

the traits for the indices should be selected depending on the mode of action of the 

stressor of interest and the disturbance regime sensu Lake (2000). The validity of this 

conceptual model should be scrutinised in future studies.

Apart  from  stressor-specific  indices  to  detect  effects  of  toxicants,  an  efficient  and 

protective  management  of  freshwater  resources  with  respect  to  chemicals  requires 
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knowledge on effect thresholds. Publication VII describes the  derivation of thresholds 

for the effects of pesticides on freshwater communities and ecosystem functions based 

on a meta-analysis of field studies. The derived threshold for effects on the pesticide-

sensitive taxa in the macroinvertebrate community was a factor of 10 to 100 lower than 

thresholds determined in a review of mesocosm studies (Van Wijngaarden et al., 2005) 

and the safety factor of the first  tier in the authorisation of pesticides (EEC, 1991). 

Several  uncertainties  with  respect  to  the  derived  thresholds  are  discussed  and  it  is 

concluded that the results are relatively robust. This suggests that the first tier safety 

factor is not protective for communities in the field and that field thresholds are in fact 

lower  than  those  previously  derived  from  mesocosm  studies.  Several  reasons  may 

explain  the  discrepancy  between  the  field-  and  mesocosm-based  assessment.  First, 

pooled data from different field studies were re-analysed in the study in this thesis, 

which increases the statistical power to detect effects, whereas the review of mesocosm 

studies  did  not  re-analyse  pooled  mesocosm  data  (Van  Wijngaarden  et  al.,  2005). 

Furthermore, mesocosm studies rarely consider repeated exposures and the joint effects 

of different stressors both of which can increase the effects of pesticides in the field 

(Belden et al., 2007; Heugens et al., 2001; Holmstrup et al., 2010; Liess and Beketov, 

2011). Finally, sublethal long-term effects on merolimnic insects  or slow-reproducing 

taxa may not be detected in mesocosm studies (Schulz and Liess, 2000), which rarely 

exceed a study period of a few months. Indeed, publication V reports that the abundance 

fraction of  slow-reproducing taxa was only 10 to 24% in two mesocom studies for 

which raw data was available, compared to 40 to 80% in field communities from 15 

reference sites in streams. Moreover, publication V describes a long-term mesocosm 

study with a community representative for field conditions, which was established over 

16  months  before  contamination  with  a  neonicotinoid  insecticide  and  included  an 

abundance fraction of 50% slow-reproducing species. This study demonstrates that in 

all  treatments  sensitive  taxa  with a  slow reproduction  did  not  recover  within the  7 

months of the study. Given the repeated exposure and additional stressors in the field 

situation, this could explain the discrepancy between the effects in mesocosms and the 

field,  since  over  longer  time  periods  sensitive  slow-reproducing  species  might 

completely  disappear  from  the  communities.  In  addition,  this  mesocosm  study 

highlights that considering species traits (e.g. physiological sensitivity, generation time) 

may facilitate the detection of effects on the community level (cf. Liess and Beketov, 

2011;  Liess  and Beketov,  2012;  but  see  also Van den Brink and Ter  Braak,  2012). 
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Overall,  the  trait-related  studies  in  this  thesis  foster  the  development  of  trait-based 

ecological risk assessment and the derivation of effect thresholds may represent a first 

step  towards  global  boundaries  for  chemical  pollution  that  are  currently  lacking 

(Rockstrom et al., 2009).

Statistical data analysis approaches to identify effects of toxicants

With the exception of publication IV, most studies described so far in this thesis relied 

on field or mesocosm investigations. While such studies are indispensable for a process-

based understanding and can be tailored to answer specific research questions, large 

biomonitoring or chemical measurement data sets allow for the testing of hypotheses 

with a high statistical power as well as for large-scale or long-term analyses (Friberg, 

2010). In publication VIII, the ecological risks for freshwater organisms is assessed for 

a large monitoring dataset encompassing 331 organic toxicants measured over 11 years 

in 7 sites in the largest rivers of North Germany. This was done comparing the exposure 

to effect concentrations from acute toxicity tests with standard test species of different 

trophic levels i.e. algae, invertebrates and fish. One major obstacle was the lack of acute 

toxicity data for 30% to 70% of the substances depending on the standard test species. 

Therefore,  a  novel  Read-Across  method  for  the  quantitative  prediction  of  effect 

concentrations was employed (Schüürmann et al., 2011). The study demonstrates that 

organic  toxicants  and  especially  pesticides  can  reach  concentration  levels  that  may 

cause acute toxic effects in primary producers and invertebrates. Although the estimated 

toxicity for fish remained largely below levels envisaging acute effects, chronic and 

indirect effects through reductions in prey populations could occur (Wipfli, 2005; Wipfli 

and  Baxter,  2010).  One  important  further  aspect  is  that  the  characterisation  of  the 

chemical exposure in this study relied on grab-water sampling, which has been shown 

to  underestimate  the  exposure  (see  publication  VI  in  this  thesis).  Hence,  the  real 

maximum concentrations and consequently the real maximum toxicity was most likely 

higher than assessed in publication VIII. Only a slight temporal decrease in ecotoxicity 

was detected. Interestingly, priority pollutants played only a minor role for the highest 

estimated toxicity  in  the sites.  Given that  the chemical  monitoring in  the European 

Union is specifically targeted at priority pollutants (EC, 2000), ecological risks from 

ecotoxicologically more important substances may go unnoticed. Moreover, this study 

highlights  that  organic  toxicants  including pesticides  may not  only be an  important 

stressor in small agricultural streams but also in large river systems. The spatial extent 
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of the problem, however, needs further investigation and since respective exposure data 

has  recently become publicly  available  (European Environment  Agency,  2012),  this 

could be done in a follow up analysis for the European scale.

If  biomonitoring data complementary to chemical exposure information is  available, 

effects on populations or communities can be estimated directly, instead of relying on 

acute toxicity data. Here, different endpoints can be inspected. While the trait-based 

approaches outlined in this thesis (publications II – VII) focused on changes in the trait 

community  structure,  changes  in  the  taxonomical  composition  are  relevant  if 

biodiversity measures are of interest. In this context, a recent European Union Directive 

requires that no adverse effects on biodiversity should result from the use of pesticides 

(EEC, 2009). However, surprisingly little is known regarding whether, to which extent, 

and at which concentrations toxicants cause species loss (Beketov and Liess, 2012), 

tough  they  are  frequently  claimed  to  be  an  important  driver  for  biodiversity  loss 

(Gessner et al., 2010; MEA, 2005; Vorosmarty et al., 2010). Publication IX presents a 

novel statistical method to derive thresholds and quantify community change based on 

large community data sets with associated toxicity data, though this method could be 

applied to a wide range of stressors. An important peculiarity of this method is that it 

requires an ordinal grouping of the stressor of interest and that it quantifies community 

change, which includes both species loss and species gain. In case that all influential 

environmental factors for the biota under scrutiny have been recorded, the method can 

establish a causal link between the stressor of interest and community change. This is 

done by pooling data over spatial and/or temporal scales in order to remove community 

change due to natural variation and other influential factors. However, the results of this 

procedure are only reliable for large data sets (> 300 samples recommended), where the 

collinearity of the stressor of interest  with other influential  factors is low and these 

factors exhibit similar ranges for each level of the stressor. The study illustrates three 

case  examples  for  stream  macroinvertebrate  communities  and  different  toxicants 

comprising modelled pesticide exposure, salinity and heavy metals. The results were 

largely in agreement with those of previous analyses of these data sets, which focused 

on different biotic endpoints.  Further development of this method could include the 

implementation  of  the  Indicator  Value  index  (Indval)  algorithm  (De  Caceres  and 

Legendre, 2009; De Caceres et al., 2010) in order to identify the species responsible for 

community change. Overall, given that more and more large data sets become available 
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for  environmental  research  (Drew,  2011),  this  method  may  foster  the  derivation  of 

boundaries  for  community  change  as  well  as  support  the  conservation  of  pristine 

communities for a wide range of stressors.

The last study of this thesis using a statistical approach to identify effects of toxicants 

on communities is publication X. This publication describes the use of distance-based 

Redundancy  Analysis  (db-RDA)  (Legendre  and  Anderson,  1999;  McArdle  and 

Anderson, 2001) to examine the interaction of two toxicants, pesticides and salinity, on 

macroinvertebrate communities in 24 sites in South-East Australia. Db-RDA was used 

in the study because it did not require certain assumptions of Redundancy Analysis that 

were not met. Although both toxicants exhibited a statistically significant effect on the 

community composition, no evidence for an interaction of pesticides and salinity was 

found. The results are in line with publication IV, where no interaction effect between 

predicted pesticide exposure and salinity was found for the trait  composition of the 

communities. However, interactions between salinity and pesticide toxicity have been 

reported for single species acute toxicity tests (Hall and Anderson, 1995). This suggests 

that potential interaction effects are difficult to detect on the community level, but may 

occur for specific populations.  The percentage of explained community variation by 

individual environmental variables was rather low. Besides toxicants, mainly variables 

related to the substrate and hydraulics exhibited explanatory power for the community 

composition. The low influence of individual variables explains, why on the taxonomic 

level the specific effects of toxicants are difficult to detect and trait-based approaches 

seem  more  suitable  for  ecological  risk  assessment  (cf.  Liess  and  Beketov,  2011). 

However,  while  the  sheer  number  of  environmental  variables  influencing  the 

community  composition  reduces  the  relevance  of  individual  variables  (Allan  and 

Castillo, 2007), this must not be interpreted as if the influence of individual variables 

such as hydraulics, substrate or toxicants would not be important. A very interesting 

finding of the study was that both toxicants seemed to act on different taxonomic levels. 

Salinity  affected  the  community  composition  on  a  higher  taxonomic  level,  i.e. 

phylogeny was more important for the effects of salinity. This may be due to the fact 

that  macroinvertebrates have been exposed to  salinity  over  evolutionary time scales 

(Williams,  1987),  whereas  organic  pesticides  and  related  substances  were  only 

introduced  in  the  last  centenary  (Carson,  1962).  In  this  context,  a  recent  study  of 

Guenard et al. (2011) showed that phylogeny can be used to predict effects of toxicants 
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on  taxa.  Given  the  public  availability  of  phylogenetic  information  via  GenBank 

(www.ncbi.nlm.nih.gov/genbank/),  the  relationship  between  phylogeny  and  toxicity 

may represent an avenue of future research.

Effects of toxicants on ecosystem functions

So far the publications in this thesis had their primary focus on the effects of toxicants 

on the taxonomic or trait composition of invertebrate communities. Publications XI and 

XII deal with the influence of toxicants on ecosystem functions and services. Effects on 

ecosystem functions and services highlight that the environmental impact of toxicants is 

not only of ethical concern. Given that ecosystem services represent economic value 

(Costanza et al., 1997), effects of toxicants on ecosystem functions and related services 

lead also to economic losses. Although the Millennium Ecosystem Assessment (MEA, 

2005) ranks toxicants such as pesticides, salinity and heavy metals among the most 

important stressors for freshwater ecosystems, there is a paucity of field investigations 

on the effects of toxicants on ecosystem functions. In this context, a recent study argued 

that  ecosystem  functions  such  as  leaf  breakdown,  stream  metabolism  or  nutrient 

spiralling should be included in the assessment of ecosystem health (Woodward et al., 

2012).  Publication  XI  follows a  similar  leading  thought  and  gives  an  overview on 

different articles (1) on how ecosystem functions, services and biodiversity could be 

integrated into the ecological  risk assessment  as well  as  (2)  on case studies  on the 

effects of different stressors on these endpoints. One of these case studies represents 

publication XII that describes a field study in 24 sites on the effects of pesticides and 

salinity  on the ecosystem functions of  allochthonous organic  matter  breakdown and 

stream metabolism. Three measures of allochthonous organic matter breakdown were 

employed  encompassing  leafs,  cotton  strips  and  wood,  of  which  leaf  breakdown 

exhibited the strongest response to toxicants. Salinity and pesticides reduced the leaf 

breakdown rate  to  a  similar  extent,  but  no  interaction  effect  was  found.  This  is  in 

agreement with the studies described in publications IV and X that reported effects of 

pesticides and/or salinity on the invertebrate community but did not find interaction 

effects. No reasonable relationship between estimated pesticide toxicity or salinity and 

the ecosystem functions of gross primary production or ecosystem respiration could be 

established. This was surprising because the estimated pesticide toxicity observed in the 

field  study exceeded thresholds  where  acute  toxic  effects  were  found in  mesocosm 

studies (Brock et al., 2000). Several reasons that may explain this finding are discussed 

http://www.ncbi.nlm.nih.gov/genbank/
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in  publication  XII.  Briefly,  these  reasons  include  too  high  natural  variability, 

measurement-related  uncertainties,  functional  redundancy  and  pollution-induced 

community tolerance (Blanck and Dahl, 1996). To sum up, the study shows that the 

current  levels  of  salinity  and pesticides  in  streams and rivers  are  potent  to  impede 

ecosystem  functions  that  are  crucial  for  the  freshwater  ecosystem.  This  raises  the 

question of a threshold for effects on ecosystem functions. Publication VII includes a 

joint analysis of the three field studies that have investigated the effects of pesticides on 

leaf breakdown, and aims at deriving such a threshold. There was a linear relationship 

between  the  abundance  fraction  of  pesticide-sensitive  species  in  the  invertebrate 

communities  and  the  leaf  breakdown  rate.  Thus,  based  on  this  analysis  no  effect 

threshold could be derived. Furthermore, for one of the three field studies no reasonable 

relationship  between  the  leaf  breakdown rate  and  pesticide-sensitive  species  or  the 

estimated pesticide toxicity could be established. Whether this indicates that the effects 

of toxicants on ecosystem functions depends on the identity of species in the regional 

species pool, remains open to further investigations.

Future research challenges

In 1996,  Carpenter  stated:  “  The  contribution of  ecology to environmental  problem 

solving depends heavily on appropriately scaled field studies. […] Academic ecologists 

may avoid these scales in order to attain the rigorous experimental control possible in 

microcosms.“  (Carpenter,  1996).  This  statement  holds  still  true  for  current 

ecotoxicology,  where  almost  all  studies  are  conducted  in  small-scale  experimental 

systems (Beketov and Liess, 2012) and their relevance for the field is often unclear. 

While it can be argued that the understanding of small-scale processes can enable the 

extrapolation to higher levels of biological organisation, ecotoxicology is very distant to 

such  a  “grand  unifying  theory”  (see  Schäfer  et  al.,  2011).  Recent  studies  nurture 

concerns that on the exposure and effects side central aspects of the real-word situation 

are not well represented in the models and test systems employed in ecological risk 

assessment  (see  publication  VII  and  Knäbel  et  al.,  2012).  This  thesis  aims  at 

contributing  to  a  more  realistic  ecological  risk  assessment  of  toxicants  and  mainly 

features  studies  that  were  conducted  in  the  field  or  in  a  mesocosm  with  field-

representative  communities.  The  studies  demonstrate  that  toxicants  adversely  affect 

freshwater ecosystems, including their functions and services. However, the spatial and 

temporal  extent  of  these  effects  remains  largely  unknown,  though  some  model 
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predictions are available (Schriever and Liess, 2007). Given the high costs involved in 

chemical monitoring and analysis, a large scale study on the effects of toxicants that 

would allow for evaluating the spatial extent (e.g. 100 sampling sites (cf. Woodward et 

al.,  2012)  is  difficult  to  realise.  Therefore,  the  examination  of  the  spatial  extent  of 

toxicant effects remains a challenge and data analyses as in publication VIII seem a 

promising option. Nevertheless, governmental data also have their limitations as they 

often originate from grab water sampling, which is likely to underestimate the toxic 

exposure (see above). Thus, the coupling of such data analyses with modelling (see 

publication III) may be most appropriate. The temporal dimension of toxicant effects 

can be  investigated easier.  For  example,  a  study with a  high  frequency of  toxicant 

sampling  and  bioassessment  could  be  conducted  in  a  few streams or  rivers  on  the 

regional scale. However, in order to extrapolate such results, the influence of landscape 

patterns  such  as  forested  upstream  sections  on  the  effect  dynamics  need  to  be 

elucidated. Finally, the link from toxicant effects on ecosystem functions to ecosystem 

services  remains  an  open  challenge.  Only  a  few  ecosystem  functions  have  been 

regarded so far (Burkhard et al., 2009) and even those are understudied. Nevertheless, a 

long-term aim of ecological risk assessment should be the quantification of the losses in 

ecosystem services due to toxic chemicals.  Overall, this thesis contributes to achieve 

this  aim  through  the  development  of  novel  methods,  mechanistic  understanding  of 

processes and indication of the relevance of toxicants for ecosystem health.



15. Summary

This habilitation thesis deals with the effects of toxicants on freshwater ecosystems and 

considers different toxicant classes (pesticides,  organic toxicants, salinity) and biotic 

endpoints  (taxonomic  community  structure,  trait  community  structure,  ecosystem 

functions). The thesis comprises 12 peer-reviewed international publications on these 

topics.  All  of  the  related  studies  rely  on  mesocosm  or  field  investigations,  or  the 

analysis of field biomonitoring or chemical monitoring data. Publications I and II are 

devoted  to  passive  sampling  of  a  neonicotinoid  insecticide  and polycyclic  aromatic 

hydrocarbons (PAHs), respectively. They show that biofouling and a diffusion-limiting 

membrane can reduce the sampling rate  of the pulsed insecticide exposure and that 

receiving phases of different thicknesses can be used to assess the kinetic regime during 

field deployment of passive samplers. Publications III to VI mainly focus on trait-based 

approaches to reveal toxicant effects on invertebrates in streams. An overview on the 

framework  and  several  applications  of  a  trait-based  approach  to  detect  effects  of 

pesticides (SPEARpesticides index) are given in publication III. Publication IV describes the 

development of a trait database for South-East Australian stream invertebrates and its 

successful application in the adaptation of SPEARpesticides as well as the development of a 

salinity index. Moreover, a conceptual model for the future development of trait-based 

biomonitoring  indices  is  proposed.  Publication  V reports  a  mesocom  study  on  the 

effects of a neonicotinoid insecticide on field-realistic invertebrate communities. The 

insecticide had long-term effects  on the invertebrate  communities,  which were  only 

detected when grouping the taxa according to their life-history traits. A comprehensive 

field study employing different pesticide sampling methods including passive sampling 

and  biomonitoring  of  the  invertebrate  and  microbial  communities  is  presented  in 

publication  VI.  The  study  did  not  find  pesticide-induced  changes  in  the  microbial 

communities, but detected adverse effects of current-use pesticides on the invertebrate 

communities using the trait-based SPEARpesticides index. This index is also applied in a 

meta-analysis on thresholds for the effects of pesticides on invertebrate communities in 

publication VII. It is shown that there is a similar dose-response relationship between 

SPEARpesticides and  pesticide  toxicity  over  different  biogeographical  regions  and 

continents. In addition, the thresholds for effects of pesticides are lower than derived 
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from  most  mesocosm  studies  and  than  considered  in  regulatory  pesticide  risk 

assessment.  The  publications  VIII  to  X  use  statistical  data  analysis  approaches  to 

examine effects of toxicants in freshwater ecosystems. Using governmental monitoring 

data on 331 organic toxicants monitored monthly in 4 rivers over 11 years, publication 

VIII finds that organic toxicants frequently occurred in concentrations envisaging acute 

toxic effects on invertebrates and algae even in large rivers. Insecticides and herbicides 

were the chemical groups mainly contributing to the ecotoxicological risk. Publication 

IX  introduces  a  novel  statistical  method  based  on  a  similarity  index  to  estimate 

thresholds for the effects of toxicants or other stressors on ecological communities. The 

application  of  the  method  for  deriving  thresholds  for  salinity,  heavy  metals  and 

pesticides  in  streams  is  presented  in  three  case  studies.  Publication  X  tackles  the 

question of interactive effects between different toxicants using data from a field study 

on stream invertebrates in 24 sites of South-East Australia. Both salinity and pesticides 

exhibited  statistically  significant  effects  on  the  invertebrate  communities,  but  no 

interaction  between  the  stressors  was  found.  Moreover,  salinity  acted  on  a  higher 

taxonomical  level  than  pesticides  suggesting  evolutionary  adaptation  of  stream 

invertebrates compared to pesticide stress. Publications XI and XII concentrate on the 

effects of toxicants on biodiversity, ecosystem functions and ecosystem services, with 

publication XI  summarising different studies related to the ecological risk assessment 

for  these  endpoints.  A field  study  on  the  effects  of  pesticides  and  salinity  on  the 

ecosystem  functions  of  allochthonous  organic  matter  decomposition,  gross  primary 

production and ecosystem respiration is presented in publication XII. Both pesticides 

and salinity reduced the breakdown of allochthonous organic matter, whereas no effects 

on the other ecosystem functions were detected. A chapter following these publications 

synoptically  discusses  all  studies  of  this  habilitation  thesis  and  draws  general 

conclusions.  It  is  stressed  that  in  order  to  advance  the  understanding  of  effects  of 

toxicants  on  freshwater  ecosystems  more  ecological  realism  is  needed  in 

ecotoxicological approaches and that the spatiotemporal extent of toxicant effects needs 

more scrutiny.
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