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’ INTRODUCTION

A wide range of activities in agriculture, industry, and house-
holds is associated with the use of organic chemicals. Depending
on the physicochemical properties and usage, these compounds
may be released to the environment and can result in the pollution
of freshwater ecosystems.1 In the European Union (EU), the
Water Framework Directive (WFD) was established in 2000 and
aims at achieving good ecological and good chemical status of
surface waters by 2015.2 Besides water chemistry characteristics
such as nutrient concentrations, the evaluation of chemical status
relies on compliance with Environmental Quality Standards (EQS)
for 33 so-called priority substances (PS), among them metals,
pesticides, polycyclic aromatic hydrocarbons (PAH), and organotin
compounds.3 Moreover, the EU member states are requested to
identify further compounds of concern for the respective river
basins, which could compromise good ecological status.

One approach for the identification of ecologically relevant
compounds is long-term screening of the environment for a large
set of chemicals in concert with an assessment of the potential
toxicity of the observed concentrations, which can be done by use
of measured or predicted effect concentrations for standard test

species.4 Given the high costs involved, long-term river basin
monitoring studies on hundreds of organic contaminants in
freshwater ecosystems, with a few exceptions,5 have been conducted
only through governmental monitoring programs. However,
there is a paucity of meta-analyses of such data concerning the
toxicity of contaminants for freshwater ecosystems. This may be
because the toxicity assessment of monitoring data is hampered
by the scarcity of acute toxicity data for aquatic species for many
compounds. For example, toxicity data for algae, invertebrates,
and fish were available for only 16% of 500 compounds.4

However, quantitative structure�activity relationships (QSAR)
and read-across methods can be used to estimate the toxicity of
chemicals if experimental toxicity data for compounds of similar
structure are available.

To our knowledge, this paper presents the most comprehen-
sive long-term study on the concentrations and associated

Received: April 15, 2011
Accepted: June 13, 2011
Revised: June 9, 2011

ABSTRACT: We analyzed the detection frequencies and
concentrations for 331 organic compounds measured between
1994 and 2004 in the four largest rivers of north Germany, the
Elbe, Weser, Aller, and Ems Rivers, and we assessed the
potential risk for aquatic fauna using experimental and predicted
acute toxicity data for the green alga Pseudokirchneriella sub-
capitata, the crustaceanDaphnia magna, and the fish Pimephales
promelas. The detection frequency for most compounds de-
creased significantly from 1994 to 2004. Polycyclic aromatic
hydrocarbons (PAHs) were most frequently detected, while
pesticides were the most important chemical group concerning
toxicity for the standard test organisms. The predicted toxicity
for D. magna was significantly higher than for the other
organisms and reached levels envisaging acute toxic effects on
the invertebrate fauna, still in 2004. Most of the compounds
responsible for potential acute effects on aquatic organisms are
currently not considered as priority substances in the European Union, while only 2 of 25 priority substances that have been
measured occurred at levels that may be relevant in terms of toxicity for the selected test organisms.We conclude that attenuation of
pesticides and other organic toxicants should play an increased role in river basin management.
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ecological risks of organic toxicants in large rivers in central
Europe. In detail, we describe the exposure of four large rivers of
northGermany to 331 organic compounds over a period of 10 years,
using the results of monthly monitoring programs from govern-
mental agencies. The compoundsmainly belonged to the following
chemical groups: (A) pesticides and transformation products; (B)
polychlorinated biphenyls (PCB); (C) polycyclic aromatic hydro-
carbons (PAH) and derivatives; (D) halogenated benzenes and
nitrobenzenes; (E) halogenated alkanes; (F) phenols and chloro-
phenols; (G) anilines, anisoles, and alkylated benzenes; (H) toluoles,
toluenes, and halogenated derivatives; and (I) organotins. A risk
assessment of the measured compound concentrations for fish,
invertebrates, and algae was conducted by use of experimental
acute toxicity data for standard test organisms: fathead minnow
Pimephales promelas, waterflea Daphnia magna, and green alga
Pseudokirchneriella subcapitata. Where no experimental data were
available we used estimates of a novel QSAR approach as an
approximation. Finally, the identified compounds of concern
were compared to the assessment of chemical status based on
priority substances as outlined in the WFD.

’EXPERIMENTAL SECTION

Description of Sampling Sites. Seven sampling sites in
four of the five largest rivers of north Germany were sampled
monthly as part of environmental monitoring programs from
1994 to 2004 (Table 1; Figure S1, Supporting Information). The
median of the mean monthly discharge in the sites ranged from
57 to 493 m3/s (Table 1). In general, all rivers are heavily modified,
were dredged for shipping, and receive inputs of inorganic and
organic pollutants from industry, agriculture, households, and
sewage treatment plants, although the magnitude of impact may
differ between the rivers.
Data Acquisition and Quality. The results of the chemical

water monitoring in the seven sampling sites were kindly
provided by the Lower Saxony Water Management, Coastal
Defense and Nature Conservation Agency (NLWKN) and
comprised monthly observations of a total of 331 organic
pollutants (see Table S1 in Supporting Information for complete
compound list) measured from 1994 to 2004.6,7 Between 78 and
300 compounds were analyzed in each of the 1053 samples from
all sampling sites (Table 1), except for five samples where only
15�61 compounds were analyzed. The monitoring program in
the seven sites exhibited differences in the total numbers of
measured compounds and samples per site and to a minor extent
in the measurement frequency (Table 1).

All steps of the monitoring program, for example, sampling,
sample storage, sample treatment, and chemical analysis, were
carried out according to certified methods and in compliance with a
quality assurance program to ensure reliability and compatibility
of the results (see Table S1, Supporting Information, for details
on the chemical analysis). Briefly, the sampling consisted of
taking a nonfiltered whole water grab sample. In the laboratory
the samples were handled according to the respective method
and measured by gas chromatographic or high-performance liquid
chromatographic methods. The chemical analysis was conducted
solely in accredited laboratories. Due to the long observation
time and different laboratories involved, the levels of quantifica-
tion (LOQ) exhibited variation (Table 2; see Table S2, Supporting
Information for full table).
Consideration of Compound Partitioning between Water

and Suspended Particles.The concentrations of compounds in
the monitoring data referred to the nonfiltered whole water sample.
Therefore these concentrations could overestimate the concen-
trations in the water phase since a significant proportion of a
hydrophobic substance may be adsorbed or bound to suspended
organic particles, which can reduce the toxicity of that compound
and should be accounted for in the risk assessment for aquatic
organisms.8 We used a reformulation of the equilibrium parti-
tioning approach to approximate the freely available concentra-
tion Cd (in micrograms per liter) of organic compounds:9

Cd ¼ Ctot

ðfOCKOC + 1Þ

whereCtot is the total concentration in the whole water sample in
micrograms per liter, KOC is the dimensionless soil organic
carbon�water partitioning coefficient, and fOC is the fraction
of organic carbon that was approximated with the total organic
carbon content (TOC).
Compilation and Estimation of Toxicity Data for Inverte-

brates, Algae, and Fish. If available, we used laboratory-derived
acute toxicity data for standard test organisms [48-h median
effect concentration (EC50) for D. magna, 48-h to 96-h EC50 for
P. subcapitata, and 96-h median lethal effect concentration
(LC50) for P. promelas] to assess the risk of a compound. In
the following, we do not distinguish between EC50 and LC50 and
only use the term EC50 to enhance readability. The toxicity data
were compiled from peer-reviewed literature as well as available
databases,4 and wherever possible peer-reviewed literature was
consulted to confirm toxicity data from databases (see Table S2,
Supporting Information, for further details).

Table 1. Location of Sampling Sites with Discharge and Statistics on Measurement of Compounds

sampling site river basin

median dischargea

(m3/s)

measurement

frequency

total no. of samples

measured

total no. of compds

measured

compds g

LOQb

total no. of

measurements

Cuxhaven Elbe Elbe c monthlyd 138 238 167 21 185

Grauerort Elbe Elbe c monthlyd 143 319 225 25 013

Schnackenburg Elbe Elbe 493 monthlyd 149 319 229 31 508

Herbrum Ems Ems 57 monthlyd,e 123 284 183 22 631

Farge Weser Weser 223 monthlyd,e 122 284 179 21 241

Hemeln Weser Weser 74 monthly f 189 272 152 23 552

Verden Aller Weser 72 monthly f 189 272 154 23 400
a For monthly average data of the years 1994�2001. Data were kindly provided by the Federal Institute for Hydrology (BFG), Koblenz, Germany.
bCompounds detected above the level of quantification (LOQ). cTidal zone. dOnly 9 or 10 measurements in 1995 and 1996. eNo measurements
in 1994. fNo measurements in 1994 and 2004, only 9 or 10 measurements in 1995 and 2003.
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However, for only 207, 107, and 100 of the 331 compounds
were experimental toxicity data found for D. magna, P. subcapitata,
and P. promelas, respectively. Missing toxicity data were estimated
from experimental values for similar compounds as described in
Sch€u€urmann et al.10 Initially, a data set containing available experi-
mental toxicity values for each of the above-mentioned standard
test species, containing about 1000, 550, and 700 experimental
toxicity values, respectively, together with the respective chemical
structures was recorded. To predict the toxicity of a compound
not part of this set, the arithmetic average of the experimental
values for the three most similar compounds from the data set
was calculated. The similarity of compounds was evaluated by
employing a atom-centered fragments (ACF) based approach.11

Actually, the results of two different levels of ACF determination
were combined and filtered by thresholds regarding similarity
and number of similar compounds. The particular weights for the
combination of these levels as well as the respective thresholds
were fitted individually for each species by means of cross-
validation with the training set. The averaged prediction error
of the model ranged from 0.5 to 1.0 logarithmic unit for data
where experimental values were available for reasonably similar
compounds, that is, a similarity g0.75 on a scale from 0 to 110

(see Table S2, Supporting Information, for the categories of
similarity of the read-across compounds). In case sufficiently
similar compounds were not available, baseline toxicity estimated

from the octanol�water partitioning coefficient (Kow) was used,
employing established QSAR models for the three standard test
organisms.12,13 The structural alerts of compounds for which
the baseline toxicity was estimated did not indicate enhanced
toxicity.13 Compounds with a predicted toxicity 10 times higher
than the estimated water solubility12 and a melting point of more
than 100 �C were excluded from the assessment.14

Toxicity Assessment. The toxicity of the dissolved water
concentrations Cd for each of the three trophic groups was
predicted by the toxic unit approach,15 where the toxic unit (TU)
for a compound is the compound concentration divided by the
respective 48-h or 96-h EC50 for the standard test species. We
used the maximum TU (mTU), which is the highest TU of all
observed individual compound concentrations in each sample, as
an indicator for the minimal expected toxicity of the respective
sample. We did not use the sum of all TUs (sumTU) in a sample
because the sumTU exhibits a stronger dependency on the number
of compounds measured and could overestimate toxicity of com-
pounds with a dissimilar mode of action. ThemTU accounted for
>50% of the sumTU of a sample for 80%, 61%, and 40% of
samples (n = 1052, one sample with no detection of compounds
excluded from analysis) forD.magna,P. subcapitata, andP. promelas,
respectively. This means that, for the majority of samples in the
risk assessment for invertebrates and primary producers and a
considerable fraction of the samples for the risk assessment of

Table 2. Compounds withHigher Than 40%Detection Frequencies with TheirMinimum andMaximumLevels of Quantification,
Maximum Concentration, and Number of Measurements in All Sites

CAS no. English name chemical groupa
min LOQb

(μg/L)

max LOQb

(μg/L)

max concn

(μg/L) nc
detection

frequencyd (%)

priority

substance no.e

206-44-0 fluoranthene C 0.002 0.002 0.053 270 99 15

129-00-0 pyrene C 0.002 0.002 0.046 224 99

58-89-9 γ-hexachlorocyclohexane A 0.000 08 0.000 08 0.03 795 98 18

60-00-4 EDTA J 0.1 0.3 35 387 93

85-01-8 phenanthrene C 0.002 0.002 0.038 224 91

205-99-2 benzo[b]fluoranthene C 0.002 0.005 0.025 270 89 28

50-32-8 benzo[a]pyrene C 0.002 0.005 0.024 270 88 28

193-39-5 indeno[1,2,3-c,d]pyrene C 0.002 0.002 0.033 268 88 28

127-18-4 tetrachloroethylene E 0.0002 0.002 1.2 697 88 29a

191-24-2 benzo[ghi]perylene C 0.002 0.018 0.2 270 87 28

218-01-9 chrysene C 0.002 0.002 0.024 224 85

56-55-3 benz[a]anthracene C 0.002 0.002 0.023 224 78

139-13-9 nitrilotriacetic acid J 0.1 0.5 10 421 77

319-84-6 R-hexachlorocyclohexane A 0.000 07 0.000 07 0.2 719 67

207-08-9 benzo[k]fluoranthene C 0.002 0.014 0.012 269 65 28

1912-24-9 atrazine A 0.001 0.006 0.6 1017 62 3

118-74-1 hexachlorobenzene A 0.000 04 0.000 08 0.03 673 58 16

75-25-2 bromoform E 0.002 0.008 0.3 696 56

56-23-5 carbon tetrachloride E 0.0002 0.004 0.05 697 52 6a

118-96-7 2,4,6-trinitrotoluene H 0.000 09 0.02 3.5 104 52

67-66-3 trichloromethane E 0.004 0.02 1.5 696 48 32

79-01-6 trichloroethylene E 0.001 0.006 0.5 697 46 29b

1007-28-9 desisopropylatrazine A 0.003 0.09 0.6 1037 44

5915-41-3 terbutylazine A 0.003 0.006 0.5 1037 43
aA, pesticides and transformation products; B, polychlorinated biphenyls; C, polycyclic aromatic hydrocarbons and derivatives; D, halogenated
benzenes and nitrobenzenes; E, halogenated alkanes; F, phenols and chlorophenols; G, anilines, anisoles, and alkylated benzenes; H, toluoles, toluenes,
and halogenated derivatives; I, organotin compounds; J, miscellaneous. b LOQ = limit of quantification. c n = total number of measurements. dRatio for
observations above LOQ. eAs outlined in ref 3.
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fish, the most toxic individual compound as represented by
the mTU would also dominate the toxicity of all compounds in
terms of sumTU.
Chemical Status Assessment with Regard to Priority

Substances. According to the WFD, a good chemical status
requires compliance with either the maximum allowable concen-
tration (MAC) EQS and the so-called annual average (AA) EQS
values for the set of 33 priority substances. Of the 33 priority
substances, a total of 25 organic compounds were measured in
the basins of the study (see Table S2, Supporting Information).
The number of measured priority substances varied between
years and sites, with 6�18 and 9�22 measured compounds
per site in the years 1994�1997 and 1998�2004, respectively
(see Table S3, Supporting Information, for details). The latest
available EQS values were used for compliance checking.3

Data Analysis. For the analysis of differences in the detection
of chemicals between sites, years, and months, the compounds
were split into 10 chemical groups (Table 2). Since the number
of total measured compounds varied between sites, years, and
months (Table 1), we used the relative detection frequency per
sample for comparisons among these variables. Generalized linear
models (GLM) with logit link were used to identify which of the
variables (i.e., year, site, month, basin) and their interactions are
relevant to explain variation in the response variable detection
frequency, which was assumed to be binomial distributed.16

Stepwise model selection with the Akaike information criterion
(AIC) as goodness-of-fit measure and starting with the intercept-
only null model was used in order to identify the best-fit model.
Since the best-fit model for the full data set [AIC 14 610,
deviance 4807, degrees of freedom (df) 3828] contained several
two-way interaction terms with the variable chemical groups, the
analysis was conducted separately for each of the chemical groups
in order to ease interpretation. In case of over- or underdisper-
sion of a GLM, a quasi-binomial model was employed to verify
the results of the binomial model.16 Significant differences
between factor levels of sites and months were identified by a
multiple comparison procedure with Tukey's all-pairwise comparison
contrasts (TALC) as described in ref 17.
Given that the chemical status with regard to priority sub-

stances is based on annual values, we calculatedmaximum annual
mTUs for each site for the risk assessment based on the mTU.
Analysis of variance was employed to identify significant differ-
ences between basins, test species, and years for the response
variable annual mTU, by the same model selection and multiple
comparison procedures as described for the GLMs. In order to
detect differences in the sensitivity of the three standard test
organisms to the 331 organic compounds, the logarithmic ratio
of their acute toxicity data (ECR) was calculated:

ECRx, yðcÞ ¼ log
EC50xðcÞ
EC50yðcÞ

for each compound c and for each of two species x and y. A similar
sensitivity of two organisms to the compounds in the data set
would translate to a median of 0 and an even spread toward
positive and negative values for the ECR values.
All statistical computations and graphics were created with the

open-source software package R (www.r-project.org) using ver-
sion 2.8.0 (for Mac OS X, 10.5.5).

’RESULTS AND DISCUSSION

Spatiotemporal Patterns of Occurrence of Organic Pollu-
tants.Of the 331 compounds, 257 compounds were detected at
equal or higher levels than the LOQ in the water samples of all
rivers, whereas 74 compounds were detected only below the level
of quantification (see Table S2, Supporting Information).
Twenty-four compounds were detected in more than 40% of
the water samples (Table 2). With the exception of one sample
(March 2003 in Cuxhaven), at least one substance was detected
in each water sample. On average, 14% of themeasured compounds
were found in a sample, while this ratio varied strongly between
samples [53% relative standard deviation (RSD)]. The detection
frequency was not correlated with the number of measurements
or the limit of quantification (all Pearson r between �0.04 and
�0.09; all p > 0.17; n = 249; compounds without concentrations
above the LOQ were excluded; see Table S2, Supporting
Information, for values). The GLMs for detection frequency as
response variable indicated significant differences between the
sampling sites for all chemical groups, between years for all chemical
groups except for polychlorinated biphenyls, and between
months for 6 of the 10 chemical groups (Table S4, Supporting
Information). By contrast, any chemical group exhibited signifi-
cant differences in the detection frequencies between basins
(Table S4, Supporting Information).
The chemical group with the highest total detection frequency

(43%) was the polycyclic aromatic hydrocarbons (PAH); 10 of
the 15most frequently detected compounds belonged to this group
(Table 2). Our results are in accordance with other studies that
highlighted the high frequency of detection of PAHs in aquatic
environments due to their diffusive input pathway.5,18 Signifi-
cantly higher detection frequencies of PAHs were observed in the
months January�March compared to the rest of the year, especially
to the months July�September (all p < 0.01, TALC). Similar
patterns were observed in a study on PAHs in the Seine River
in France and may result from higher combustion activities,
remobilization due to flooding, or decreased photodecomposi-
tion in winter.19

Except for Cuxhaven, where the tidal influence presumably led
to dilution by seawater, the sites in the Elbe exhibited signifi-
cantly higher detection frequencies compared to the sites in the
Ems and Weser basin for some groups of chemicals such as pes-
ticides and halogenated alkanes (p < 0.05, TALC, see Table S4,
Supporting Information, for details). This is in line with the fact
that, in the 20th century, the Elbe was among the most polluted
rivers in Germany.20

Except for pesticides and PAHs (see above), no patterns in the
detection frequency for months were observed. Pesticides
showed significantly higher detection frequencies from June to July
compared to the months October�April (all p < 0.02, TALC)
with the exception of January (all p> 0.05, TALC). This period of
higher detection frequencies matches the application period of
pesticides in central Europe. The elevated detection frequency at
the beginning of the year was also observed for several pesticides
in a 1-year study in the Humble River in northeast England18 and
may result from field runoff associated with flooding as suggested
for PAHs (see above).
From 1994 to 2004, several chemical groups showed a reduc-

tion in detection frequencies over all sampling sites (Table S4,
Supporting Information). Pesticides and halogenated alkanes
exhibited a continuous decline, while the groups of (B) polychlori-
nated biphenyls, (D) halogenated benzenes and nitrobenzenes, (H)
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toluoles, toluenes, and halogenated derivatives showed significantly
lower detection frequencies in the period 1998�2004 compared to
years 1994�1997 (Table S4, Supporting Information). These
observations match with long-term sediment quality studies in the
river Elbe from 1991 to 2001 that reported a general decline for
several inorganic and organic pollutants.20

Toxicity Assessment for Standard Test Species and Com-
parisonwith BiologicalMonitoringResults.The three standard
test organisms D. magna, P. promelas, and P. subcapitata were
relatively equal in their sensitivity to most of the 331 organic
compounds in terms of the logarithmic ratio of EC50 values
(ECR). This was indicated by medians between �0.05 and
�0.03 and a relatively even spread of the ECR values between
the upper and lower quartile around the median (Figure 1). The
compounds related to these ECR values were presumably
narcotics, that is, they exhibited baseline toxicity.13 The spread
of ECR values was less even toward the maximum and minimum
ECR values (Figure 1). P. promelas was only a maximum of
26-fold and 1024-fold more sensitive than D. magna and P.
subcapitata, respectively, while both D. magna and P. subcapitata
showed a 10 000-fold higher sensitivity than P. promelas for
several compounds (Figure 1). A total of 72 different compounds
exhibited at least 100-fold lower or higher EC50 values (i.e.,
ECRg 2 or ECRe�2) for a test species in relation to another
test species. Interestingly, 58 of the 63 compounds for D. magna,
55 of the 59 compounds for P. subcapitata, and 5 of the 7
compounds for P. promelas with ECR values g 2 or e �2 were
pesticides. This can be explained by the fact that the majority of
current-use pesticides, especially herbicides and insecticides, are
specifically designed to eliminate certain groups of target organ-
isms and therefore exhibit excess toxicity to these groups while
being relatively nontoxic to other groups of organisms.21

The annual mTU values forD. magnawere significantly higher
than for P. subcapitata and P. promelas (both p < 0.001, TALC for
best-fit model for annual mTU, AIC = �746, n = 213), whereas
they were not significantly different between the latter two
species (p = 0.44) (Figure 2). By contrast, a study on the toxicity
of 83 pesticides in 17 streams reported 5�10-fold higher median

mTU values for primary producers (P. subcapitata and Lemna
gibba) compared toD. magna,22 though the fish species (Lepomis
macrochirus) was also at lowest risk to be acutely affected by
toxicants.22 This suggests that the group of organisms at highest
risk from organic toxicants varies between basins and the risk
assessment should therefore always include organisms from all
different trophic levels.
Predominantly, herbicides and organophosphate insecticides

were accountable for the highest annual risk of toxicity for
P. subcapitata and D. magna, respectively (Table 3; Table S5,
Supporting Information). For P. promelas, four nonpesticides
were responsible for the highest annual mTUs, but pesticides
were still accountable for 48 of the 71 annual mTUs (Table S5,
Supporting Information). Although several studies have high-
lighted the ecotoxicological relevance of pesticide input for small
streams in agricultural areas24,25 and that pesticide concentra-
tions decrease with the size of surface water bodies,26 this shows
that pesticides can be the most potent toxicants even in large
rivers.
The concentrations of several compounds reached levels that

were within 1 order of magnitude of the EC50 values forD. magna
and P. subcapitata and were even higher than the acute EC50 for
D. magna for the insecticide dichlorvos for one site in 1994 and
four sites in 1996 (Figure 2; Table S6, Supporting Information).
Meta-analyses of results from freshwater mesocosm studies suggest
that effects of insecticide and herbicide contamination on the
invertebrate community can, depending on themode of action of
the respective substance, occur above a TU of 0.01 for D. magna,
while this threshold is higher for phytoplankton (algae) and fish
with a TU of 0.1.27,28 Though these thresholds should be
interpreted with caution, they clearly indicate a risk of acute
toxic effects when exceeded. Based on these thresholds, the risk
of acute effects on fish and algae was minor as 0% and 8% of the
annual mTU exceeded 0.1, respectively (Figure 2; Table S6,
Supporting Information). By contrast, the measured concentra-
tions of organic compounds were related to a high risk of acute
toxic effects on the invertebrate community for the majority
of sites and years (89% of observations with annual mTU for
D. magna > 0.01; Figure 2; Table S6, Supporting Information).
Annual mTU values forD. magna below 0.01 were only observed
for single sites in the Elbe and Weser basin between 2000 and
2003, except for Cuxhaven in 1998. Nevertheless, in 2004 the
concentrations exceeded the threshold again at all sites and thus
it remains unclear if there is an ongoing decrease. The best-fit
linear models for the annual mTU values of the three species
indicated significant differences between years for D. magna, while
there were significant differences between sites for P. subcapitata
and P. promelas (AIC =�205,�371, and�757, respectively; all
p < 0.002; n = 71 for each test species). Overall, our results are in
accordance with ecotoxicity tests for several sites along the Elbe
between 1992 and 2001 that also found serious mortality for
daphnids with no clear temporal trend.20

Although our results suggest a high risk for acute toxic effects
on the aquatic fauna and especially invertebrates, the risk assessment
approach used here, relying on the mTU for the bioavailable water
concentrations and mesocosm thresholds, may still underestimate
real acute toxic effects. First of all, the concentrations used were
derived from monthly point water samples that are not suitable to
assess the peak water concentrations, especially for compounds with
varying exposure patterns such as pesticides.29 Hence, the actual
TUs will be higher than the ones based on the measured concentra-
tions. In addition, we do not consider (1) additive or synergistic

Figure 1. Box-and-whisker plots for relative toxicity of monitored
compounds for the test organismsD. magna, P. subcapitata, and P. promelas.
The whiskers extend out from the box to a maximum of 3 times the
interquartile range.
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effects between compounds, (2) chronic effects, or (3) recurring
pulses of toxicants, all of which may increase the toxicity. Further-
more, not all existing organic toxicants were measured, and relevant
compounds in terms of toxicity may have been missed.5 Moreover,
the annual mTU values were predominantly associated with com-
pounds for which experimental EC50 values were available, whereas
compounds with predicted EC50 values accounted only to a minor
extent for annual mTU values (Table 3; Table S5, Supporting
Information).With respect to prediction errors, an underestimation
of the real EC50 (i.e., higher real EC50 values) would only lead to
minor changes in the toxicity assessment using annual mTUs. By
contrast, overestimation of the real EC50 values (i.e., lower real EC50

values) would result in even higher annual mTU values. Finally,
uncertainties remain whether the effect thresholds derived from
existing mesocosm studies are protective for aquatic communities
since field studies demonstrated effects at lower concentrations24,30

and these effectsmay not have been detected in previousmesocosm
studies due to the low proportion of sensitive long-living taxa in
mesocosm communities.31 However, a similar study in a Spanish
river basin also indicated significant effects of organic pollutants on
the macroinvertebrate community for mTU > 0.01.31

Significance of Results for River BasinManagement. In the
European Union, current management of the chemical pollution
of freshwater ecosystems focuses on the assessment of 33 priority

Figure 2. Min�max bar plot of annual maximum toxicity (mTU) for D. magna, P. subcapitata, and P. promelas for all sites from 1994 to 2004 and the
respective thresholds for aquatic organisms (see text for details). Triangles display the variation in mTU values for the seven sampling sites.

Table 3. Compounds Accountable for Threshold Annual mTU with EC50, Number of Times Accountable for Annual mTU,
Pesticide Group, and Highest Annual mTUa

compdb EC50 (μg/L) source EC50
c no. annual mTUd pesticide groupe highest annual mTU

Annual mTU > 0.01 for D. magna

dichlorvos 0.19 E 35 insecticide (OP) 1.5

diazinon 1.00 E 6 insecticide (OP) 0.71

pirimiphos-ethyl 0.03 P/3 13 insecticide (OP) 0.57

azinphos-ethyl 0.20 E 2 insecticide (OP) 0.21

pirimiphos-methyl 0.21 E 5 insecticide (OP) 0.18

chlorpyrifos-methyl 0.60 E 1 insecticide (OP) 0.033

fonofos 2.30 E 1 insecticide (OP) 0.021

fenclorfos 0.73 P/2 1 insecticide (OP) 0.019

ethion 0.06 E 1 insecticide (OP) 0.015

malathion 0.7 E 2 insecticide (OP) 0.011

Annual mTU > 0.1 for P. subcapitata

diuron 2 E 17 herbicide 0.58

alachlor 5 E 17 herbicide 0.19
a See Table S5, Supporting Information, for all compounds accountable for annual mTU. b For all compounds listed, chemical group is A = pesticide.
c E = experimental data from literature (see Table S2, Supporting Information, for details); P = predicted data from read across, together with the level of
similarity (los) to compounds with experimental data (1, los e 0.5; 2, 0.5 < los e 0.7; 3, 0.7 < los e 0.85; and 4, los > 0.85). dNumber of times
accountable for annual mTU for all seven sampling sites and for all years (n = 71). e Pesticide group as given in the FOOTPRINT pesticide properties
database;23 OP = organophosphate.



6173 dx.doi.org/10.1021/es2013006 |Environ. Sci. Technol. 2011, 45, 6167–6174

Environmental Science & Technology ARTICLE

substances that are assumed to present a specific risk for the
environment when they exceed the environmental quality stan-
dards (EQS).32 Indeed, 13 of the 24 compounds most frequently
detected in the rivers of north Germany were priority substances
(Table 2). Moreover, the chemical status indicated potential
effects of the organic priority substances for several years and
sites in terms of exceedance of EQS values (Table S3, Supporting
Information). Nevertheless, only five of the 25 organic priority
substances that have been measured exceeded the EQS values in
the years 1994�2004 for the seven sampling sites: alachlor,
trifluralin, and tributyltin as well as the PAHs benzo[ghi]perylene
and indeno[1,2,3-c,d]pyrene. However, not all organic priority
substances were measured in the monitoring programs, so there
may be other priority substances that exceed their respective
EQS values. This possibility is supported by the fact that we
found a significant correlation between the number of measured
priority substances and the number of exceedances of EQS values
for our data (Pearson r = 0.75, p < 0.001, n = 71).
Since EQS values integrate protection goals that are not related to

ecotoxicological effects (e.g., fish consumption, drinking water
production), an exceedance of EQS values does not necessarily
indicate ecotoxicological risk. Indeed, of the priority substances that
exceeded theEQSvalues, only two (alachlor and trifluralin) occurred
in concentrations that exceeded a TU of 0.1 for P. subcapitata and
none reached a TU of 0.01 for D. magna or of 0.1 for P. promelas
(Table S2, Supporting Information). Conversely, although diuron
accounted 17 times for the highest annual toxicity to P. subcapitata,
with concentrations up to 58% of the EC50 value (Table 3), this did
not lead to an exceedance of the respective EQS value (1.8 μg/L).
Given that mesocosm studies demonstrated effects for concentra-
tions of this order of magnitude, the current EQS value may not be
protective for phytoplankton communities.27,28 We suggest that the
EQS values should be revised to consider the ecotoxicological risk of
priority substances to all trophic groups.
Only two of the substances most relevant for the risk of acute

toxic effect to the standard test organisms were priority substances
(alachlor and diuron) (Table 3). Hence, priority substances were of
only minor importance for the risk assessment for primary produ-
cers, invertebrates, and fish.Our study is in accordance with a review
by Brack et al.,33 which highlighted that in several investigations
compounds other than priority substances were relevant for toxicity
to the aquatic biocenosis. This result is especially important for river
conservation and restoration measures. In the case that the current
practice, relying on the assessment of priority substances, assumes a
good chemical status, this may lead to measures to improve the
ecological quality that may not be successful since nonpriority
organic substances can still have acute toxic effects. For example,
some studies reported that conservation and restoration measures
showed only minor improvement of the ecological quality of the
stream, though this is not necessarily due to organic toxicants.34,35

Overall, our study highlights that organic toxicants and especially
pesticides may play a more important role for the ecological
conditions in river systems than is currently acknowledged. There-
fore, we suggest (1) to include these compounds in the list of river
basin specific pollutants and (2) in general to use approaches such as
the one outlined here to identify, based on chemical monitoring
data, ecotoxicologically relevant compounds in other river basins.
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