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Abstract Community effects of low toxicant concentra-
tions are obscured by a multitude of confounding factors.
To resolve this issue for community test systems, we pro-
pose a trait-based approach to detect toxic effects. An
experiment with outdoor stream mesocosms was estab-
lished 2-years before contamination to allow the develop-
ment of biotic interactions within the community.
Following pulse contamination with the insecticide thia-
cloprid, communities were monitored for additional
2 years to observe long-term effects. Applying a priori
ecotoxicological knowledge species were aggregated into
trait-based groups that reflected stressor-specific vulnera-
bility of populations to toxicant exposure. This reduces
inter-replicate variation that is not related to toxicant
effects and enables to better link exposure and effect.
Species with low intrinsic sensitivity showed only transient
effects at the highest thiacloprid concentration of 100 pg/l.
Sensitive multivoltine species showed transient effects at
3.3 pg/l. Sensitive univoltine species were affected at
0.1 pg/l and did not recover during the year after con-
tamination. Based on these results the new indicator
SPEAR,,.cs0cosm Was calculated as the relative abundance of
sensitive univoltine taxa. Long-term community effects of
thiacloprid were detected at concentrations 1,000 times
below those detected by the PRC (Principal Response
Curve) approach. We also found that those species, char-
acterised by the most vulnerable trait combination, that
were stressed were affected more strongly by thiacloprid
than non-stressed species. We conclude that the grouping
of species according to toxicant-related traits enables
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identification and prediction of community response to low
levels of toxicants and that additionally the environmental
context determines species sensitivity to toxicants.

Keywords Risk assessment - Long-term effect -
Low-level toxicant - Population stress - Trait indicator
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Introduction

Effects of toxicants at high concentrations that induce a
high rate of acute mortality are observed easily, even in
complex communities. Prominent examples are the effects
following catastrophes such as the pesticide spill from the
chemical company Sandoz into the River Rhine (Van Urk
et al. 1993) and the oil spill from the tanker Exxon Valdez
(Peterson et al. 2003). The effects of toxicants at low
concentrations that do not immediately result in acute
mortality are much more difficult to detect. This is because,
in such cases, communities are shaped not only by the
effects of the toxicant but also to a great extend by other
environmental factors. As a result, the complex relation-
ship between a multitude of environmental factors and the
composition of the community obscures the effects of the
toxicants (Liess et al. 2008). Additionally, confounding
factors may also mask the effects of toxicants. For exam-
ple, pesticide runoff is often associated with increased
hydrodynamic stress. Therefore, until recently the effects
of pesticide runoff and of hydrodynamic stress were only
distinguished using experimental approaches (Liess and
Schulz 1999).

Trait-based approaches are a powerful tool that can be
used to link habitat characteristics to life history strategies
(Southwood 1988). On the basis of this approach,
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a posteriori associations between species traits and vari-
ous environmental parameters have been identified over
an extended geographical region (Usseglio-Polatera et al.
2000) (see also Doledec and Statzner 2008; Statzner and
Beche 2010). Trait based approaches can also provide a
priory predictions of species traits to be expected
according to the environmental characteristics of a given
habitat (Townsend and Hildrew 1994). Inversely, the
occurrence of traits of species in a given habitat can be
used to infer environmental characteristics. To identify
the effects of agricultural pesticides on field communities
this approach was first developed by Liess and co-workers
(Liess et al. 2001) and later elaborated within the Species
At Risk concept (SPEAR) (Liess and von der Ohe 2005).
The SPEAR bioindicator system was validated to identify
non-point pesticide contamination (Schifer et al. 2007)
and point sources of toxicants originating from treatment
plants (Ashauer, in revision). The identification of trait
combinations that were associated with a specific envi-
ronmental parameter (stressor) enabled the effects of this
parameter to be identified on the trait composition of the
community, even though a multitude of other parameters
were affecting the composition of taxa within the
community.

Despite the considerable advances that these methods
have yielded for field studies, trait-based methods have not
been adopted for experimental studies at the community
level (i.e. mesocosm tests) that support prospective risk
assessment of toxicants (deJong et al. 2008). However, it
has been shown clearly that life-cycle traits are of the
utmost importance for predicting the dynamics of the
effects of, and recovery from, toxicants in mesocosms
(Sherratt et al. 1999; Beketov et al. 2008). The develop-
ment of a trait-based index similar to the well-validated
pesticide-specific index SPEAR,.giciqe 1S NOW required
(Liess and von der Ohe 2005). Such an index will not only
enable the stressor-specific assessment of effects and
associated recovery, but will also allow the tested com-
munities to be standardised according to ecologically rel-
evant traits. This trait-based standardisation, in comparison
with taxonomy-based standardisation, can be performed on
large spatial scales and linked to ecosystem functions and
services (McGill et al. 2006; Schifer et al. 2007; Menezes
et al. 2010; Peru and Doledec 2010).

The relationship between toxicant exposure and effect
on individuals and populations is also determined by the
environmental context. Indeed, stress conditions often
increase the sensitivity of individuals to toxicants (see
Heugens et al. 2001 for review). Hence, to determine the
quantitative link between exposure and effect it is neces-
sary to consider additional stress factors. Such factors
include a wide range of stressors that increase the rate of
mortality due to toxicants (factor of increase in brackets):

exalted temperature (10) (Song et al. 1997), food limitation
(2) (Pieters et al. 2005), exalted salinity (10) (Wildgust and
Jones 1998), low oxygen (2) (Van der Geest et al. 2002),
UV radiation (30) (Liess et al. 2001), competition (10)
(Liess 2002), predation (8) (Beketov and Liess 2006), and
the requirement of food acquisition (10) (Mommaerts et al.
2010).

The aim of the study reported herein was to explore the
possibility that exposure to a low level of toxicants exerts a
strong and sustained effect on the composition of a com-
munity and to identify methods with which to link expo-
sure to low levels of toxicants and community response.
For this purpose, we developed a new trait-based index,
SPEAR,,c50c0sm» Which was based on the SPEAR,.yicide
index designed for bioassessment of pesticide contamina-
tion in the field (Liess and von der Ohe 2005). To achieve
this aim, we performed and evaluated a long-term 4-year
experiment with an outdoor stream mesocosm system that
was designed to mimic small streams in agricultural
landscapes.

Methods
Mesocosm system

The mesocosm system consisted of 16 artificial streams
that were characterised by the following parameters: length
20 m, width at water surface 0.32 m (£0.03), average
depth 0.25 m (£0.11), discharge 160 I/min (£ 9), slope
2%, and approximate total volume of 1,000 1. Each stream
was designed as a closed circulation system with the fol-
lowing flow of water. From the upstream to the down-
stream sections of the stream, the water was propelled by
gravity. It then reached a 200-1 reservoir installed below
the downstream margin of the stream. Subsequently, it was
pumped back to the upstream section through a plastic tube
by an electric pump. Loss of water through evaporation
was compensated for by rain- and tap water. A dam with a
polyester net filter (1-mm mesh) was installed at the end of
each stream to prevent the loss of animals through drift.
The stream channels were situated in the ground to a depth
of approximately 0.4 m and lined with watertight non-toxic
polyvinylchloride foil. The bottom of each stream was
covered with a mixture of fine gravel and sand (particle
size 0.2-3.7 mm, layer depth of 30-50 mm) and half of the
bottom surface in the cross-channel direction was planted
with watercress (Nasturtium officinale). An area of ground
was retained between the streams to support riparian veg-
etation, in order to provide a refuge for insects that
emerged, reduce the amount of direct sunlight, and in
general to create an ecology that matches that found in
small lowland streams as much as possible.
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Table 1 Main physico-chemical parameters of water in the stream
mesocosms

Parameter Mean Standard deviation
Ammonium (mg/1) 0.061 0.23

Nitrate (mg/l) 4.12 7.44

Nitrite (mg/1) 0.005 0.02

Phosphate (mg/1) 0.18 0.24

Hardness (mg Ca/l) 53.22 3.01

Dissolved oxygen (%) 93.2 159

pH 7.75 0.19
Conductivity (uS/cm) 464 87.3

The main physico-chemical parameters of the water
were measured every 4 months (Table 1). Concentrations
of ammonium, nitrite, nitrate, phosphate, and total hardness
were determined with Aquamerck colorimetric tests
(Merck, Darmstadt, Germany). Conductivity, dissolved
oxygen, and pH were measured with LF330, OXI 340,
and Multi 340i electronic meters respectively (WTW,
Weilheim, Germany). No significant differences between
the groups of treatment and control streams were found
concerning the physico-chemical parameters (P > 0.05,
analysed for every measuring date with multivariate anal-
ysis of variance (MANOVA)). Values of water quality
parameters were well in a range considered not to have any
negative impact on macroinvertebrates present in the
mesocosms. Especially Nitrate and Ammonium that may
cause problems in closed systems were far below harmful
concentrations (Berenzen et al. 2001).

Monitoring of long-term development of temperature
was done by measuring constantly (every 3 h) with
uS-LOG540 data logger (Driessen 4+ Kern, Bad Bram-
stedt, Germany) in two randomly selected streams. The
maximum summer (April to September) and minimum
winter (October to March) temperatures were 24.8 and
2.9°C respectively. Mean summer and winter temperatures
were 20.1 and 4.7°C respectively. Comparison of temper-
ature regimes between all streams was done by constantly
(every 3 h) temperature with data loggers (Drie-
sen + Kern, Bad Bramstedt, Germany) in each stream for
1 month (02-30.03.2007). No significant differences
between the groups of treatment and control streams were
found for mean, maximum, and minimum temperatures
(P > 0.05, univariate analysis of variance (ANOVA)).

Experimental schedule and design
The entire experimental period was 4 years and 3 months;
from September 2003 to December 2007. The mesocosm

system was constructed in the summer of 2003. The
streams were planted with macrophytes in September 2003
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and colonised by macroinvertebrates during the winter of
2003-2004 and in October 2005 by adding sediments and
macroinvertebrates collected in an uncontaminated stream
located near the city of Grimma in Germany.

The streams were contaminated with the insecticide
thiacloprid in May 2006 and May 2007. The experimental
design included 16 independent streams and four treatment
levels (control, 0.1, 3.2, and 100 pg/l thiacloprid) with two
replicates for each concentration level and 10 replicates for
the control in 2006 and four replicates for each concen-
tration level including the control in 2007. The streams that
were contaminated at a certain concentration in 2006 were
contaminated with the same concentration in 2007. For the
second contamination (2007), two replicates for each
concentration level were reallocated from the streams used
as controls in 2006. A 2-year precontamination period was
employed to establish a community with strong biotic
interactions (competition, predation) and a considerable
number of sensitive and long-living taxa. At the beginning
of the experiment 16 out of 35 species were considered as
sensitive according to the SPEAR classification (Liess and
von der Ohe 2005); from these 16 sensitive species 5
species were univoltine.

Thiacloprid application and monitoring

Thiacloprid (generic name (CA) [3-[(6-chloro-3-pyridinyl)
methyl]-2-thiazolidinylidene] cyanamide, CAS number
111988-49-9) is a neonicotinoid insecticide. Among
neonicotinoids, it is used against various chewing and
sucking pests. Thiacloprid was obtained from Agrar—Han-
del und Transport (Schafstddt, Germany) as the commer-
cial formulation Calypso (suspension concentrate), which
contains 480 g/l of the active ingredient (Bayer Crop-
Science, Langerfeld, Germany). The initial nominal pulse
concentrations for the three treatment levels (low, medium,
and high) were 0.1, 3.2, and 100 pg/l, respectively, in
terms of the active ingredient. Throughout the paper, we
refer to these nominal concentrations.

One litre of stock solution was prepared for each
channel at the respective concentration by diluting the
toxicant formulation with distilled water. The stock solu-
tions were poured into the water reservoirs installed below
the streams (see above for a description of the mesocosm
system) to dilute the toxicant and make its input gradual.
This was designed to simulate short-term contamination
due to spray drift and surface water runoff, which consti-
tute a relevant input path for small streams in agricultural
areas (Liess et al. 1999). Aqueous solutions were applied
because thiacloprid is highly soluble in water (the water
solubility and log octanol-water partition coefficient (log
Kow) of the active ingredient at 20°C are 185 mg/l and
1.26, respectively; USEPA (2003)).
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Table 2 Analysis of thiacloprid residue

Time after

Mean measured concentrations %+ standard deviation at different time-points after contamination (pg/1)

contamination (h) - -
Nominal concentration (jig/l)

0.1 32 100
First-year contamination (n = 4)*
48 NM 3.55 +£2.80 36.64 £+ 10.37
120 NM 129 + 1.61° 6.48 + 1.43
264 NM NM 5.43 + 0.75°
Second-year contamination (n = 8)°
4 0.07 + 0.05 2.64 + 0.21 76.33 £ 10.03¢
10 NM NM 65.67 £ 11.91¢
48 0.04 £ 0.01 0.48 £+ 0.54 32.62 £ 9.88
120 0.02 £ 0.01 0.23 £ 0.20 9.23 £ 7.08
216 0.02 £+ 0.02° 0.07 + 0.05 2.52 + 3.61
312 <0.01° <0.01 0.36 + 0.53
480 <0.01° <0.01 0.08 £+ 0.12
648 NM NM <0.01

NM not measured

4 Two samples from each of the two channels

=2

¢ Two samples from each of the four channels

n = 6, two out of four streams were sampled with three samples each

n = 4, one sample from each of the four channels

Exposure to thiacloprid was monitored in the streams
using spot water samples (Table 2). Two 200-ml samples
were taken per each channel (in up- and downstream
sections, non-vegetated areas) that resulted in four sam-
ples per each concentration (except the sampling of the
channels treated at 100 pg/l performed 264 h after con-
tamination). The samples were solid-phase-extracted
immediately after sampling using 6 ml Chromabond
Easy columns (Macherey—Nagel, Diiren, Germany) pre-
conditioned with 6 ml methanol. The columns were
eluted with 12 ml acetonitrile-ethylacetate (1:1 v/v) and
gently evaporated to 300 pl under nitrogen. Analytical
recovery was 82% with 18% standard deviation (n = 3)
for 200 ml of spiked water samples. All solvents used
were of HPLC-grade and obtained from Merck KGaA
(Darmstadt, Germany). All analyses were conducted by
high-performance liquid chromatography (Agilent 1,100
series, Agilent Technologies Germany, Boeblingen,
Germany) using a XDB-C18 column (150 x 2.1 id,
Agilent Technologies) and an Agilent 1,100 liquid
chromatograph/mass selective detector (LC/MSD) for
quantification. The limit of detection (LOD) for the
concentration in the water phase was 0.03 pg/l. A
detailed description of the method can be found in
Schifer et al. (2008).

Macroinvertebrate sampling and processing

Macroinvertebrate sampling was done at the following
time periods with respect to the contamination event, first
year: —34, —8, —4, —1, 1, 3, 10, 17, and 27 weeks; second
year: —8, —4, —1, 1, 3, 10, and 27 weeks. Samples were
obtained using a metal frame that covered a 15 x 15 cm
area of the bottom of the stream. This frame was shaped
square, had 20-cm-high walls and a 15 cm x 15 cm
opening at the top and the bottom. For sampling, all
macrophytes were removed from the enclosed area by
hand, washed, and checked for macroinvertebrates in a
white plastic tray. Subsequently, the water column was
sieved and sediments were collected using a small hand net
(60 x 55 mm frame, 500 um mesh) and examined for
macroinvertebrates in the white tray. During each sam-
pling, four samples in total were taken from each experi-
mental channel: one from the upstream section, one from
the middle upstream, one from the middle downstream, and
one from the downstream section. Benthic samples were
taken near the bottom of the channel, which included both
macrophytes and non-vegetated substrate.
Macroinvertebrates were identified and counted in situ
and returned to the stream with the exception of the very
first sampling, which was undertaken in September 2005.
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For this first sampling, all the macroinvertebrates were
preserved in 90% ethanol and identified in the laboratory.
During subsequent samplings, this procedure was repeated
when required (e.g. when new species were found that
could not be identified in situ). Most of the Ephemeroptera,
Odonata, Plecoptera, Trichoptera, Heteroptera, Coleoptera,
Isopoda, and Amphipoda were identified to the species
level, whereas for all other taxonomic groups, the level of
identification varied from species to family. Oligochaeta
were identified at the class level only.

Trait-based grouping of the macroinvertebrate taxa
and the new index SPEAR,,.csocosm

To understand the dynamics of the effects of toxicants on
species characterised by different biological traits, we
divided the taxa into four groups using two traits: toxico-
logical sensitivity to pesticides and generation time (in this
study, this is defined in terms of voltinism) according to the
SPEAR approach (Liess and von der Ohe 2005). On the
basis of these binary divisions, we established the follow-
ing four groups: (i) non-sensitive multivoltine, (ii) non-
sensitive univoltine, (iii) sensitive multivoltine, and (iv)
sensitive univoltine (see Appendix, Table 4). The classifi-
cation of taxa with regard to toxicological sensitivity was
based on the relative sensitivity distribution approach
developed by Wogram and Liess (Wogram and Liess 2001)
and revised by Von der Ohe and Liess (2004). Taxon-
specific sensitivity values (Sorganic) Were taken from the
SPEAR Database (http://www.systemecology.eu/SPEAR/
index.php), and the threshold for dividing the taxa into
sensitive and non-sensitive classes was taken from the
SPEAR,,¢giciqe bioindicator (a taxon is regarded as sensitive
if it has an S, ganic Value > —0.36 (Liess and von der Ohe
2005). In addition, because thiacloprid is a neonicotinoid
insecticide and has very unusual insect-specificity, this
classification was based on detailed existing toxicological
data. In detail the caddisfly species Hydropsyche angusti-
pennis was considered to be sensitive, because Hydropsy-
chidae has been shown to be sensitive to neonicotinoids
(Yokoyama et al. 2009), despite the relatively low Syrganic
value assigned to this group previously (von der Ohe and
Liess 2004). Second, Ischnura elegans was grouped as
insensitive as available information on Odonata suggest that
the group is insensitive to thiacloprid (Beketov and Liess
2008). Hence, the general classification of taxon sensitivity
was adapted for two species to produce a ranking of taxon
sensitivity to this specific toxicant according to the available
knowledge. In addition, taxa that did not exhibit aquatic
stages during the contamination period, and were thus not
present during the pesticide exposure, were not considered
to be sensitive despite their toxicological sensitivity
(Notidobia ciliaris, Appendix, Table 4).
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As reflected in the names of the groups, the classifica-
tion of taxa with regard to voltinism was based on the
separation of taxa that have several generations per year
(multivoltine) from those that have one or fewer genera-
tions per year (univoltine and semivoltine). For simplicity,
we have used the term “univoltine” for the latter, because
there was only one semivoltine species, Ephemera vulgata.
The threshold value of 1 year was selected to match the
frequency of contamination (annual) with the life cycles of
the taxa and their respective abilities to recover, taking into
account the proximity of the control and contaminated
streams, which was necessary because insects that emerged
from a control stream could easily oviposit in a contami-
nated stream and substantially facilitate recovery.

The new index SPEAR,,¢50cosm Was designed on the basis
of the index SPEAR,,siciqe» Which was developed to detect
and quantify the effects of pesticides in the field (Liess
et al. 2001; Liess and von der Ohe 2005; Liess et al. 2008);
see also http://www.systemecology.eu/SPEAR/index.php).
SPEAR,,.csocosm Was based on the dichotomic classification
of taxa into ‘‘species at risk’’ and ‘‘species not at risk’’
(this can refer to any taxonomic category, e.g. genus,
family etc.) in accordance with the following three bio-
logical traits: toxicological sensitivity to organic toxicant
(Sorganic» Which includes a substance-specific ranking based
on available information, see above), generation time, and
the presence of aquatic stages during contamination. A
taxon is regarded as a ‘‘species at risk’’ only if it exhibits
the following: (i) Serganic Value > —0.36, (ii) generation
time >1 year, and (iii) aquatic stages that are unable to
avoid exposure to pesticides. The differences from the
initial field-focused index SPEAR,,,ciq. included the fol-
lowing: (a) a higher threshold for generation time (>1 year
instead of >0.5 year) and (b) the trait “migration ability”
was not used. The rationale for using a higher threshold for
generation time was the proximity of the control and
contaminated streams and the associated high possibility of
recovery through aerial migration. The trait “migration
ability” from the SPEAR,.giciqe index was mnot used
because it reflects in-stream (e.g. drift) migration and
recolonisation from upstream sections; hence, it is irrele-
vant for a mesocosm system with closed circulation.
The taxon-specific biological traits were taken from the
SPEAR database (for the region Central Europe). The
SPEAR,,.cs0cosm index was computed as the relative abun-
dance of sensitive univoltine species, similarly to the earlier
index SPEAR),iciqe as detailed in the following formula:

o log(x; + 1) x y;
S log(xi + 1)
where x; is the abundance of taxon i, n is the total number

of taxa in the sample and y; is 1 if taxon i is classified as
sensitive, else 0.

SPEAR,es0c0sm = * 100
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Data analyses

Data from separate samples taken from the same stream at
a particular time point were pooled to avoid spatial pseu-
doreplication. To reduce the stochastic variability, data
from successive time points were pooled pairwise. To give
a traditional overview of the effect of thiacloprid on the
macroinvertebrate communities, the widely employed
univariate parameter s of abundance and taxa richness
were used. Abundance was calculated as the log(x + 1)-
transformed number of individuals per square metre. Taxa
richness was calculated as the number of taxa (species or
other lowest possible taxonomic category) per sample.

To test for the significance of the effects of the toxicant
on the univariate parameters (overall abundance, taxa
richness, abundance of the four trait-based groups, and
SPEAR,,.csocosm), We used ANOVA followed by the
Games—Howell post hoc test. The latter test is robust with
respect to potential deviations from normality or variance
homogeneity and exhibits a good type I error rate (i.e. a
low probability of finding a difference between identical
populations) and good power properties (Zar 1996). This
conservative test was applied to confirm statistical
significances, taking into account the low number of
replicates. This method was used to infer the lowest- and
no-observed-effect concentrations (LOEC and NOEC,
respectively) on the basis of the SPEAR csocosm index.
LOEC is defined here as the lowest concentration of toxi-
cant at which a significant difference from the control is
detected. Similarly, NOEC is defined as the highest con-
centration at which the effect is insignificant.

To compare the trait-based groups and SPEAR,,.csocosm
index with traditional methods of mesocosm data analysis,
we employed the principal response curve (PRC) method
and a set of redundancy analyses (RDA), which were
performed for the different sampling time points (data
log(x + 1)-transformed). The PRC method is a multivari-
ate technique developed especially to analyse data obtained
in experimental studies on the responses of communities. It
is based on the RDA ordination technique, which is a
constrained form of principal component analysis (Van den
Brink and Ter Braak 1999). The statistical significance of
the PRC models, in terms of the displayed treatment var-
iance, was tested by Monte Carlo permutation tests that
were performed for the entire time series in the RDAs from
which the PRCs were obtained, using an F-type test sta-
tistic based on the eigenvalue of the components (Van den
Brink and Ter Braak 1999; Leps and Smilauer 2003).
RDAs in which toxicant concentration (log(x + 1)-
transformed) was used as only one explanatory variable
were applied in order to test the statistical significance of
the effects of the toxicant on community structure at dif-
ferent concentrations of toxicants and different time points

using the Monte Carlo permutation test, and therefore to infer
the LOEC and NOEC. The latter type of test was performed
by testing every concentration level against the control.

The grouping of the species on the basis of the traits
selected for SPEAR,,cs0cosm Was expected to reduce the
variability in the effect endpoints both over time and
between replicates. To identify such a reduction of vari-
ability for a trait based group compared to individual
species we calculated the variability for abundance of each
species building up this group, and the variability for the
trait groups of species. We then compared the coefficients
of variation (CV) for individual species and trait groups.
The comparison was based on the entire experimental
period (4 years) for each experimental treatment separately
(control and the three thiacloprid concentrations, all repli-
cates pooled).

To analyse the relationships between species sensitivity,
population stress, and viability, we first analysed the
dynamics of the species that comprised the most sensitive
group, “sensitive univoltine”, in the control streams over
the period of two summer seasons (May—November) after
the first contamination. Specifically, between year changes
(growth or decline) in abundance were quantified as a
multiplication factor of the abundance in the first year (e.g.
a factor of 2 would indicate doubling of the abundance
from the first year to the second). Then, these changes in
the abundance of species in the control streams were cor-
related with the abundance of the same species (average
abundance over the same observation period of two sea-
sons) in the streams exposed to the low concentration
treatment (0.1 pg/l). This analysis revealed the presence of
two distinct groups that were based on the population
dynamics in the control: species that exhibited a decline or
an increase in number. Therefore, instead of a regression
model, we applied the one-sample ¢-test. This test was
performed with predefined values of 0 and 100 to compare
the observed values between the different groups of species
and the control. This analysis was performed for the low
concentration treatment only, because most of the sensitive
univoltine species were eliminated completely at the higher
concentrations. Furthermore, it was carried out only for the
sensitive univoltine group, because the other groups of
species experienced only transient effects and were able to
recover shortly after contamination. Therefore, the analysis
of long-term effects in relation to long-term population
dynamics was not applicable for these groups.

Statistical analyses were performed using the following
programs: R, version 2.7 for Mac OS x (http://www.
r-project.org/), SPSS 11.0 for Mac OS x (SPSS Inc.,
Chicago, Illinois), and CANOCO 4.5 for Windows
(Wageningen, Netherlands).

In all analyses, recovery was defined as the point when
statistical tests failed for the first time to detect a significant

@ Springer


http://www.r-project.org/
http://www.r-project.org/

1334

M. Liess, M. Beketov

difference between contaminated and control mesocosms,
with the condition that a significant effect was not detected
later (before the second contamination or until the end of
the observation period).

Results
Abundance and taxa richness

A total of 42 macroinvertebrate taxa were identified in the
mesocosm system (Appendix, Table 4). Out of these taxa,
35 were found in more than two streams and on more than
one occasion, and were considered for the analyses repor-
ted below. Insects were the most diverse group and con-
sisted of 24 taxa (not including rare taxa). The effect of
thiacloprid on the total abundance was only detectable
during a few weeks after contamination at the highest
tested concentration of 100 pg/l (Fig. 1a). Also taxa rich-
ness was also only reduced shortly after contamination at
the medium (3.2 pg/l) and high (100 pg/l) concentrations
(Fig. 1b).

Trait-based groups of aquatic macroinvertebrates
The magnitude of the toxicant effect and the duration of

recovery are linked strongly to the toxicological sensitivity
and generation time of species. The grouping of taxa on the

3.2
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Fig. 1 Abundance (a) and taxa richness (b) of aquatic macroinver-
tebrates (log(x + 1)-transformed number of individuals per square
metre and number of taxa, respectively). Asterisks indicate significant
(P < 0.05, ANOVA, Games—Howell post hoc tests) differences from
the controls. Vertical dashed lines show contamination events
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basis of these traits revealed that nonsensitive multivoltine
species only experienced transient effects of the toxicant at
the highest concentration of thiacloprid (100 pg/l; Fig. 2a).
For sensitive multivoltine species, transient effects were
observed at the concentration of 3.3 pg/l (Fig. 2b). Non-
sensitive univoltine species showed transient effects at
100 pg/l (Fig. 2c¢). Only sensitive univoltine species
showed long-term effects at the lowest tested concentration
of 0.1 pg/l (Fig. 2d). The five species characterised by this
trait combination did not exhibit significant recovery
within the duration of the experiment.

In order to compare variability within the trait-based
groups with variability in the separate species, we calcu-
lated the coefficients of variation (CV) for the sensitive
univoltine species for each of the experimental treatments.
Comparison of the CVs derived for the trait-based groups
with the variability of single species revealed much lower
variability for the trait-based groups than for the individual
species. The average CVs for the entire experimental per-
iod for the control, low, medium, and high concentrations
of thiacloprid were 58, 87, 186, and 48.57 for the trait-
based group of sensitive univoltine species, and 160, 223,
435, and 165.3 for the independently considered species,
respectively.

Community effect measures—PRC
versus SPEAR,,.csocosm

The effect of thiacloprid on community structure was
investigated with the PRC method and the index developed
here, SPEAR,,.cs0cosm- PRC has been developed especially
for the analysis of data obtained in experimental studies of
the responses of communities to toxicants and has become
a widely used method for analysing the effect in meso-
cosms (e.g. deJong et al. 2008). For the data presented here,
this method, combined with separate RDAs for each time
point and followed by Monte Carlo permutation tests,
identified community responses to thiacloprid at concen-
trations of 3.2 and 100 pg/l (Fig. 3a). At these two con-
centrations, an effect was observed for 3 months after the
first contamination. After the second contamination, the
effect was observed until the end of the test period (for
7 months) with the 100 pg/l treatment, whereas for 3 pg/l,
the effect was again observed for 3 months (Fig. 3a).

The index SPEAR,,csocosm 1dentified long-term commu-
nity responses to thiacloprid at all concentrations tested,
which included the lowest concentration of 0.1 pg/l
(Fig. 3b). For this method, the effect was defined as the
proportion of long-living, sensitive taxa among the entire
community (for details, see Methods). This change in
community structure could be identified for the entire
duration of the experiment, which included the period of
around 1 year after the first contamination event (Fig. 3b).
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Fig. 2 Abundance as a percentage of the control values for the four
trait-based groups of aquatic macroinvertebrates: nonsensitive mul-
tivoltine (a), sensitive multivoltine (b), non-sensitive univoltine (c¢),
and sensitive univoltine (d). Asterisks indicate significant (P < 0.05,
ANOVA, Games—Howell post-hoc tests) differences from the
controls. Vertical dashed lines show contamination events

Classification of sensitivity for most species was obtained
from the SPEAR,s;ciq. database that is not substance
specific. According to specific sensitivity information
specifically available for thiacloprid we adopted this clas-
sification for two species as outlined in the methods. We
investigated how the calculation of SPEAR,,,.50c0sm Changes
if the substance specific information were not included.
Using only the general toxicity information differences

between control and lowest concentration were still obvi-
ous but not significant any more.

Comparison of the PRC and SPEAR,.socosm methods
showed that the latter method was clearly more able to iden-
tify effects at low concentrations, as well as long-term effects.
The LOECs and NOECs derived by these two methods dif-
fered considerably. Regarding the acute LOEC, SPEAR,,.csocosm
showed effects at one concentration step lower than PRC
(factor 30). Regarding the chronic LOEC 1 year after con-
tamination, SPEAR,,..cocosm Showed effects at there concentra-
tion steps lower than PRC (factor 1000) (Table 3).

Interestingly, the species classified by PRC as most
affected (the four species having bk-values higher than 2,
Fig. 3a) include only one sensitive univoltine species
(Limnephilus lunatus). The other species identified as
sensitive by PRC are showing effects only at the high
concentrations and for a short period of time. This indicates
a basic difference between PRC and SPEAR. The PRC
calculates the strength of effects over the entire period
analysed and for all concentrations. Hence, also short-term
effects at high concentrations may result in a response of
the PRC values. The response of PRC is not necessarily
based on long-term effects at low concentrations. In con-
trast, SPEAR is grouping species with known high sensi-
tivity and low recovery potential. As a consequence the
SPEAR approach is pinpointing long-term community
effects at low concentrations that are missed by the PRC
approach because of the high variability of such effects.

Population viability, stress, and sensitivity
to the toxicant

Population stress determines sensitivity

Long-term development of the populations of all sensitive
univoltine species was investigated in the control streams.
From May 2006 until November 2007 the abundance of two
species was found to have declined by a factor of approxi-
mately —1.5 (Ephemera vulgata and Nemoura cinerea). In
the same period, the abundance of three species increased on
average by a factor of approximately 2.5 (Atherix sp.,
Hydropsyche angustipennis, and Limnephilus lunatus).
Species characterised by an increase of population den-
sity in control mesocosms showed an effect on survival of
approximately 50% in mesocosms exposed 0.1 pg/l thia-
cloprid over the two-season period. In contrast, species that
were characterised by a decrease of population density in
control mesocosms showed complete extinction at 0.1 pg/l
thiacloprid (Fig. 4). At higher concentrations, no link
between long-term mortality under control conditions and
the strength of the effect of thiacloprid could be established,
because most of these sensitive species were eliminated
completely at the higher concentrations of 3.2 and 100 pg/l.
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Fig. 3 Principal response
curves (PRC) (a) and the
SPEAR,,.c50c0sm index (b), which
indicate the proportion of
sensitive taxa, are shown as a
percentage of the control values.
The large black asterisks at the
top of the graphs indicate
significant (P < 0.05) effects of

Cat (PRC)

the toxicant in the whole model —=— 32pgL | *

(all concentrations) as tested by 204 4 10049l |

Monte Carlo permutation tests ’ \ \ \ \
followed by RDA for PRC 111 2006 1X 2006 1112007 IX 2007
(a) and ANOVA and Games—

Howell post hoc tests for 150

SPEAR es0cosm (b). The small
coloured asterisks indicate
significant (P < 0.05) effects at
particular concentrations tested
by the same methods

100

50

SPEARmesocosm (% control)

0 -
111 2006 IX 2006 1112007 IX 2007
Time (month and year)
Table 3 Lowest-observable-effect concentrations (LOEC) and 100
no-observable-effect concentrations (NOEC) derived by Monte Carlo %
permutation tests followed by redundancy analyses (RDA) and by by -E 80 -
ANOVA followed by the Games—Howell post hoc test for the adapted 8 *
SPEAR es0cosm index (SPEAR) (see also Fig. 3) 2 60 o
< —_
Time after LOEC (ug/l) NOEC (ug/l) 8 40 ¢
contamination (weeks) % *
RDA SPEAR RDA SPEAR o
S 20
First-year contamination 2 *
2 32 <0.1 0.1 <0.1 0 e . .
13 32 <0.1 0.1 <0.1 -2 0 2 4
34 ND <0.1 ND <0.1 Long-term development of
48 NS <0.1 NS <01 the control populations
Second-year contamination (factor of multiplication)
2 32 <0.1 0.1 <0.1 Fig. 4 Effect of thiacloprid at 0.1 pg/l on species that were
8 32 <0.1 0.1 <0.1 characterised by decline or increase of abundance in control
38 100 <01 32 <0.1 mesocosms (right and left of the dashed line, respectively) over the

ND not determined; LOEC and NOEC cannot be determined pre-
cisely, because a significant effect was only found for all concentra-
tions together (complete models), but no significant effect was found
for any of the concentrations analysed separately (see Fig. 3)

NS not significant; no significant (P < 0.05) effects were detected

Discussion
Using traits to link exposure and effect
The LOEC for acute community effects revealed by

SPEAR,,.socosm Was a factor of 30 lower than that revealed
by PRC. For chronic effects, the LOEC revealed by
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2 years after the first contamination (between-year change of
abundance, factor of multiplication). The horizontal lines indicate
the mean values for the two groups (i.e. decline and increase).
Asterisks above the line indicate the difference from the control,
whereas the asterisk below the line indicates the difference between
the two groups (P < 0.05, one-sample -test)

SPEAR,,.cs0cosm Was a factor of 1,000 lower than that
revealed by PRC. We suggest that the reason for this
striking difference between the two methods is the varia-
tion of species abundance in such complex systems. Sim-
ilar to natural communities, mesocosm communities are
shaped by a multitude of environmental parameters that
characterise the habitat and the biotic interactions present
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in the community. Firstly, environmental parameters that
shape the composition of the community were not identical
in the different replicates. Factors such as the velocity of the
current and the structures provided by plants will have been
slightly different. Secondly, biotic interactions may have
been different between replicates as a result of differences in
environmental parameters and stochastic processes, for
example, those that occur within the process of colonisation.
Hence, communities within each mesocosm were unique to a
certain degree, similar to natural communities, which
resulted in considerable inter-replicate variation (Sanderson
et al. 2009). Multivariate analyses lose power in the identi-
fication of statistical links when variation is high. The
description of biological communities in terms of traits
provides a focused and simplified description of the com-
munity (McGill et al. 2006). The trait-based grouping of
species according to the SPEAR approach aggregates those
species that are affected by the toxicant. Applying this
a priori ecotoxicological knowledge species were aggre-
gated into trait-based groups that reflected stressor-specific
vulnerability of populations to toxicant exposure. This
reduces inter-replicate variation that is not related to toxicant
effects and enables to better link exposure and effect (Liess
and von der Ohe 2005). This was shown herein by finding
that the CVs were lower for the trait groups than for the
individual taxa, a fact that explains why SPEAR is identi-
fying long-term effects at low concentrations in contrast to
the PRC approach. The successful grouping is based on
existing knowledge about traits that are sensitive to pesti-
cides with this knowledge being combined in an a priori
approach similar to the one used to identify the effects of
insecticides on communities in the field (Liess and von der
Ohe 2005). The single traits that reflected sensitivity of
populations to toxicant exposure were the inability to
(i) recover from a recurring stressor, which is linked to a long
generation time (Barnthouse 2004) and (ii) survive toxicant
exposure, which is linked to high toxicological sensitivity, as
quantified by (Wogram and Liess 2001) updated (von der
Ohe and Liess 2004) and specified for thiacloprid (Beketov
and Liess 2008).

Stress influencing magnitude of toxicant effect

Chronic effects of thiacloprid on the five long-living sen-
sitive species identified in the microcosm occurred at
0.1 pg/l. These chronic effects caused by thiacloprid
occurred at a concentration that was 70 times below the
lowest known acute LC50 for this toxicant (Beketov and
Liess 2008). Such an acute to chronic ratio (ACR) is well
below that which is found generally for fish (10.5), daph-
nids (7.0), and algae (5.4) (Ahlers et al. 2006). In addition
to this low concentration at which an effect could be
identified, we observed even stronger effects when

populations were stressed, as indicated by the long-term
decline in abundance of stressed species in control streams.
We assume that these results are associated with individual
stress within the mesocosms. The mesocosms were designed
to include levels of stress that reflect those that occur in the
field through competition and predation and are typical for
ageing communities. This was achieved by the incorporation
of a long precontamination period of 2 years. Hence, we
assume that competitive interaction between conspecifics
and controphics for food exerted stress on individuals
(Schoener 1983). In addition, predation pressure is expected
to have occurred because several predatory insects were
present in the mesocosm (Peckarsky and MclIntosh 1998).
The combined effects of predation, intimidation by preda-
tors, and competition for food can exert pronounced stress
and significantly reduce individual fitness (Bolnick and
Preisser 2005; Beketov and Liess 2007).

It has often been stated that stressed organisms are more
vulnerable to toxicants. For example, in test systems, abi-
otic stressors such as high temperature (Fisher and
Wadleigh 1985; Song et al. 1997; Lydy et al. 1999) and a
deficiency of food (Pieters et al. 2005) were found to
increase the sensitivity of macroinvertebrates to insecti-
cides by a factor of from 2 to 10. UV radiation in con-
junction with food deficiency increased sensitivity to
copper by a factor of more than 30 (Liess et al. 2001). In
addition, biotic stressors such as competition (Liess 2002;
Beketov and Liess 2005) and predation pressure (Schulz
and Dabrowski 2001; Beketov and Liess 2006) increased
vulnerability to toxicants. Furthermore, field investigations
have revealed that stress in combination with exposure to
toxicants might exert synergistic effects on the viability of
populations. A decline in amphibians was linked to the
combined effect of parasites and atrazine (Rohr et al. 2008)
and the absence of amphipods in a contaminated bay in
Antarctica was linked to the combined effect of UV radi-
ation and copper (Duquesne and Liess 2003).

In the light of these observations we suggest to differ-
entiate between “toxicological sensitivity” and “context
sensitivity” to account for the increase in the sensitivity of
organisms to toxicants. We define foxicological sensitivity
as the sensitivity of a species to a toxicant under optimal
environmental conditions for the respective species. In
general, such conditions are achieved in standard test
systems, which are characterised by low mortality under
control conditions. Such optimal conditions will also occur
in the natural environment, but rather as an exception. We
define context sensitivity to account for the altered sensi-
tivity in the context of environmental conditions that
includes stress. Mortality or sublethal stress within the
natural context are caused by competition (Hiilsmann and
Weiler 2000; Hiilsmann 2001), predation (Lampert et al.
1986), and unfavourable environmental conditions
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(Baillieul et al. 1996). Additionally, sensitivity in the
context of environmental conditions includes processes
that reduce sensitivity. This is for example selection of
tolerant/resistant strains or enhanced metabolic perfor-
mances associated to previous exposure to toxicants. We
conclude that the environmental context determines species
sensitivity to a toxicant.

Prospective risk assessment with SPEAR,,..ocosm

We suggest using the SPEAR,,,csocosm approach in comple-
ment to the PRC analyses in order to obtain a comprehensive
assessment of the toxicant induced community effect. The
PRC approach delivers an overall assessment of community
effects identifying sensitive species and also species bene-
fitting from contamination. The downside of the approach is
a weakness in identifying effects on species showing a high
variation in abundance within the test-systems. In contrast,
the trait-based grouping of species in accordance with the
SPEAR approach aggregates species that are affected by the
toxicant and by this reduces inter-replicate variation. Hence,
the description of biological communities in terms of traits
provides a focused and simplified identification of sensitive
species. If available, information on the specific sensitivity
of investigated organisms should be included to obtain the
best possible species classification on sensitivity. However,
if such information are not available, already the standard
classification used for the SPEAR,,¢iciqe approach (Liess and
von der Ohe 2005) allows an assessment of toxicant induced
community effects.

Within the current investigation we have used stream
mesocosms to apply the approach. We argue that the same
approach can also be used for pond mesocosms as the traits
used to calculate SPEAR,,,.5ocosm are also relevant to describe
effect and recovery of lentic organisms. For toxicological
sensitivity it was shown that no difference in SSD’s are
apparent when comparing lentic and lotic species (Maltby
et al. 2005). Also the relevance of life-cycle traits for the
duration of recovery is evident. However, it may be neces-
sary to adopt thresholds of life-cycle traits according the
community investigated. For example, communities con-
sisting only from short-living species will show faster
recovery from toxicant induced effects compared to com-
munities with a high proportion of long-living species.

The effects of toxicants in the field have been described
using trait modalities and linked to the classes of water
quality defined by the water framework directive (WFD)
(Beketov et al. 2009). The effects observed in mesocosms
can also be related to the quality classes defined by the WFD.
Effects that are detected in mesocosms can be translated
directly to effects predicted for the field by comparing the
ratio of species at risk, independent of the geographic region
in question (Liess et al. 2008). However, to enable a sound
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effect assessment mesocosms should host a community that
includes organisms that are (i) toxicologically sensitive to
realistically assess the ability of the community to detect
effects and (ii) sufficiently long-lived to realistically assess
the time required for the community to recover.

Conclusion

The trait-based identification of effects of low levels of
toxicants in mesocosm communities is possible. When trait
modalities rather than species are assessed within a com-
munity, it becomes possible to predict effects in the field
across taxa, environmental conditions, and geographic
borders. The SPEAR,c50c0sm approach facilitates the inter-
pretation of results within the framework of risk assess-
ment, because the results can be linked directly to the
distribution of traits in the field.
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Appendix

See Table 4.

Table 4 List of the taxa recorded in the mesocosm system

Taxa Order/class
Non-sensitive multivoltine taxa
Asellus aquaticus Isopoda
Dytiscidae Coleoptera
Dugesia sp. Tricladida
Erpobdella sp. Arhynchobdellida (Hirudinea)
Gammarus sp. Amphipoda
Gerris gibbifer Heteroptera
Haliplus sp. Coleoptera
Helobdella sp. Rhynchobdellida (Hirudinea)
Hydracarina Acariformes (Arachnida)
Hydrometra stagnorum Heteroptera
Hydrophilidae Coleoptera
Notonecta glauca Heteroptera
Oligochaeta Oligochaeta

Succinea sp. Succineoidea (Gastropoda)
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Table 4 continued

Taxa Order/class

Sensitive multivoltine taxa

Baetis macani Ephemeroptera
Chironomidae Diptera
Cloeon dipterum Ephemeroptera
Simulium latigonium Diptera
Tipula sp. Diptera
Non-sensitive univoltine taxa
Aeshna sp. Odonata
Ischnura elegans Odonata
Leucorrhinia sp. Odonata
Libellula quadrimaculata Odonata

Lymnaea sp. Lymnaeoidea (Gastropoda)

Notidobia ciliaris® Trichoptera
Orthetrum coerulescens Odonata

Planorbis sp. Planorboidea (Gastropoda)

Radix sp. Lymnaeoidea (Gastropoda)
Sialis sp. Megaloptera
Sympetrum striolatum Odonata
Sensitive univotine taxa
Atherix sp. Diptera
Ephemera vulgata® Ephemeroptera
Hydropsyche angustipennis Trichoptera
Limnephilus lunatus Trichoptera
Nemoura cinerea Plecoptera
Rare taxa, group was not defined®
Agrypnia varia Trichoptera
Athripsodes cinereus Trichoptera
Cloeon simile Ephemeroptera
Culex pipiens Diptera
Culex territans Diptera
Enallagma cyathigerum Odonata
Helophorus sp. Coleoptera

* Although this species is known to be sensitive to thiacloprid
(Beketov and Liess 2008), it was considered herein to be insensitive
because it emerged before and oviposited after the contamination (i.e.
no aquatic stage was present during contamination) and demonstrated
no dose response

® This species is semivoltine. For an explanation of classification, see
the text (Methods)

¢ These taxa were considered to be extremely rare and were omitted
from the analyses because they were found in no more than two
streams and on no more than one occasion
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