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a b s t r a c t

In this study, the impact of a single pulse of the pyrethroid lambda-cyhalothrin was tested on a macroin-
vertebrate assemblage consisting of Gammarus pulex, Leuctra nigra, Heptagenia sulphurea and Ancylus
fluviatilis in outdoor experimental stream channels. Channels (4 m long, 0.1 m wide) were groundwa-
ter fed and had natural substratum. Macroinvertebrates were exposed to 10.65 or 106.5 ng L−1 lambda
cyhalothrin for 90 min in the laboratory and after 24 h introduced to the experimental stream channels
with four replicates of each treatment and controls. Drift samples were taken with 24-h interval for
10 days and behaviour of drifted macroinvertebrates was assessed. Microalgae biomass was measured
on days 1, 5, 8 and 10 along with leaf litter decomposition using leaf packs of beech (Fagus sylvatica).
Numbers of drifting G. pulex and L. nigra with reduced mobility increased significantly with concentra-
tion of lambda-cyhalothrin. Increase of algal biomass was significantly greater in stream channels with
macroinvertebrates exposed to 106.5 ng L−1 compared to controls and 10.65 ng L−1 treatments. Accrual of
microalgal biomass was significantly higher in the high concentration treatment and decomposition of

leaf litter was significantly greater in control channels compared to channels with exposed macroinverte-
brates. This study may apply valuable knowledge to the understanding and assessment of how pyrethroids
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. Introduction

Pesticides have a wide range of impacts on the aquatic biota
Larson et al., 1997) and in streams direct impacts have been
ound at all trophic levels ranging from algae to fish (Davies and
ook, 1993; Kreutzweiser et al., 1995; Guasch et al., 1997). Pes-
icides are widely used in crop protection and are transported to
treams by a range of different routes including wind drift, run-off
r point sources (Hill et al., 1994). The major contributor to pes-
icide contamination is reported by several studies to be drainage
ater/sub-surface run-off, which strongly coincides with high lev-

ls of precipitation (Mathiessen et al., 1995; Liess and Schulz, 1999;
chulz and Liess, 1999a). Both dissolved and particle bound pesti-
ides are transported from the soil surface or subsurface to stream

ecipients (Schulz et al., 1998) with pesticides having low water sol-
bility (e.g. pyrethroids) generally dissipating very rapidly from the
issolved phase (Schroer et al., 2003). Depending on different phys-

cal and chemical characteristics of the receiving stream as well as

∗ Corresponding author. Tel.: +44 1224 498200.
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hysical and chemical properties of pesticides, both particle-bound
nd dissolved pesticides give rise to short (1–2 h) pulses of acute
ontamination followed by series of smaller pulses during the sub-
equent 24 h (Liess et al., 1999; Kronvang et al., 2004). In contrast,
esticides bound to the sediment can be retained in the stream
cosystem for longer periods (weeks to months) after the actual
xposure incident has occurred (Kronvang et al., 2003; Friberg et
l., 2003).

In Denmark 62% of the total area (43,000 km2) is used as agricul-
ural land. Total length of natural and artificial streams is 60,000 km,
he majority of which are small in size (<2 m wide). In Denmark
pproximately 80% of the total agricultural land is sprayed with
yrethroids (Danish Environmental Protection Agency, 2003). The
ombination of extensive use of pyrethroids and the close connec-
ivity between land and stream, enhanced artificially by drainage
nd narrow buffer strips, makes the potential risk of pyrethroid
xposure extremely high (Friberg et al., 2003). Until now, only few

ecords of detection of pyrethroids in the stream water phase exist,
hich is likely explained by the episodic nature of pesticide trans-
ort to streams, the rapid dissipation from the water phase and

nfrequent sampling (Lauridsen et al., 2006). Stream water con-
entrations of pyrethroids more than 0.1 �g L−1 were detected in

http://www.sciencedirect.com/science/journal/0166445X
http://www.elsevier.com/locate/aquatox
mailto:n.friberg@macaulay.ac.uk
dx.doi.org/10.1016/j.aquatox.2008.09.003
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Table 1
Chemical and physical parameters for stream channel water

Chemical parameters Value/concentration

NH4 (mg L−1) 0.009
NO2 + NO3 (mg L−1) 2.720
Total N (mg L−1) 2.830
PO4 (mg L−1) 0.003
Total P (mg L−1) 0.003
Total Fe (mg L−1) 0.005
pH 7.0

Physical parameters
Discharge per stream channel (L min−1) 3.5
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0% of the water samples collected in relation to high precipita-
ion incidents in three Danish streams draining agricultural areas
ith up to 66 �g L−1 found on one occasion (Wiggers, 1999). Like-
ise, sediment samples in 30 Danish streams have revealed that

he pyrethroid lambda-cyhalothrin was the most frequently found
nsecticide (7%) and in concentrations up to 20 ng g−1 sediment
Kronvang et al., 2003; Friberg et al., 2003).

Pyrethroids primarily have an effect on the nervous system
y decreasing the decay of the action potential (e.g. Clark and
atsumura, 1982; Narahashi et al., 1995). The toxicological impact

f pyrethroids has been intensively tested in the laboratory and
n field/mesocosm setups on various non-target species with
tream macroinvertebrates attracting considerable attention as
hey respond strongly to pyrethroid exposure (e.g. Anderson, 1989;
chulz and Liess, 1999b). Many previous studies of the toxicologi-
al impact of pyrethroids on stream macroinvertebrates have used
ortality, immobilization and offset of catastrophic drift as end-

oints (e.g. Farmer et al., 1995; Schulz and Liess, 1999b; Heckmann
nd Friberg, 2004). Despite the brief episodic occurrence and low
ctual concentrations of pyrethroids in natural streams, the highly
oxic nature of pyrethroids may produce long term effects not
eadily observable. Pyrethroid contamination has the potential to
roduce fundamental impacts on ecosystem structure, function
nd biotic interactions due to a combination of direct and indirect
ffects (Schulz and Liess, 1999b). Leaf litter breakdown rates are fre-
uently used proxies for ecosystem function (Gessner and Chauvet,
002) and have been shown to decrease with elevated concentra-
ions of pesticides in the field (Schäfer et al., 2007). A laboratory
tudy has, furthermore, shown a reduction in the leaf shred-
ing activity of the trichopteran Sericostoma personatum and the
mphipod Gammarus pulex when exposed to lambda-cyhalothrin
n environmentally realistic concentrations (Lauridsen et al., 2006).
hese findings indicate that pyrethroids may cause indirect effects
n more complex experimental systems or natural streams, and
ould potentially impair ecosystem functioning.

The aim of the present study was to investigate in outdoor
xperimental channels: (1) direct effects of lambda-cyhalothrin on
ortality, drift and behaviour on a macroinvertebrates assemblage,

epresenting different life histories and feeding functionalities, and
elate these effects to (2) proxies of ecosystem function represented
y accrual of microalgal biomass (grazing pressure) and decompo-
ition rates of leaf litter (shredder activity).

. Materials and methods

.1. Channel setup

The experiment was conducted in an outdoor stream channel
acility in Lemming, Denmark (9◦ 40′, 56◦ 15′) and carried out in
pril 2005. The setup consisted of 12 replicated stream channels,
hich were constantly supplied with groundwater. Using ground-
ater instead of surface water has the advantage of reducing risks
f contamination and a constant chemical composition over time.
hemical properties of the water used were typical for Denmark
ith fairly high levels of nitrogen but low concentrations of phos-
horous (Table 1). The water was oxidized before being led through
distribution box which supplied 12 experiment channels with

qual amounts of water (Table 1). The stream channels were 4 m
ong and 0.1 m wide with a slope of 1%, which is comparable to a
iffle section in a small Danish stream. Prior to the experiment they

ere stocked with coarse gravel/small pebbles (1–3 cm in diame-

er) that had been conditioned in nutrient enriched water to allow
stablishment of a dense biofilm. Seven cobbles (10–15 cm) were
qually spaced in each channel to increase retention and create
uitable habitats. Mean water residence time was 52 s and mean

t
t
t
(
b

Mean water resident time per stream channel (s) 51.6 ± 2.7
Mean water velocity (m s−1) 0.0679 ± 0.003
Water temperature (range) (◦C) 6.48–7.96

ater velocity 0.07 m s−1 which would be typical for low flow con-
itions in small streams (Table 1). A Stowaway Tidbit temperature

ogger was positioned in the downstream end of the substra-
um sections, and temperature fluctuation was measured for 24 h
Table 1).

.2. Macroinvertebrate assemblage

The macroinvertebrate assemblage used was composed of four
pecies: Gammarus pulex (amphipod), Leuctra nigra (stonefly),
eptagenia sulphurea (mayfly) and Ancylus fluviatilis (gastropod).
election of these macroinvertebrates was based on a series of crite-
ia. They represent some of the most dominant taxonomic groups of
acroinvertebrates in Denmark (Dall and Lindegaard, 1995). They

iffer in life history and feeding functionality encompassing scrap-
rs of algae and biofilm (Heptagenia, Ancylus), shredders of leaf
aterials (Gammarus, Leuctra) and predators of other macroinver-

ebrates (Gammarus) (Møhlenberg et al., 2004). Individuals used for
xperimentation were collected at local stream sites immediately
days) before being exposed.

.3. Pesticide and exposure

Applied concentrations of lambda-cyhalothrin were selected
ased on peak concentrations of pyrethroids found in water sam-
les from Danish agricultural streams during high flow events
Wiggers, 1999 in Introduction). A dilution series was produced
n ethanol (96%) to achieve intended concentrations of lambda-
yhalothrin. Exposure was conducted in plastic containers with 10 L
roundwater. Lambda-cyhalothrin was applied in 5 ml ethanol in all
xposure containers. 5 mL ethanol was applied in control contain-
rs as well. Macroinvertebrates were introduced to exposure and
ontrol containers (lightly aerated at 4 ◦C) immediately after appli-
ation of ethanol (controls) or the lambda-cyhalothrin solution
exposure). Intended concentrations of lambda-cyhalothrin were
0.65 ng L−1 and 106.5 ng L−1 (n = 4) and the exposure period was
0 min. Water from exposure containers was collected immediately
fter the exposure period and analyzed for actual concentrations
f lambda-cyhalothrin. The basic principle of the applied method
sed to quantify lambda-cyhalothrin concentrations is based on
olid phase extraction followed by solution concentration in the
rocess of evaporation and quantification using reverse phase
PLC-MS (Nørum et al., 2006). Actual exposure concentrations
ere 92 ng L−1 for the 106.5 ng L−1 treatment while concentra-

−1 −1
ions were below detection limit (10 ng L ) in the 10.65 ng L
reatment. After exposure, macroinvertebrates were transferred
o aerated plastic containers with uncontaminated groundwater
4 ◦C) for 24 h with access to food (leaf litter and pebbles with
iofilm). After this period macroinvertebrates were transported to
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he outdoor research facility and distributed to channels. Initial
pecies numbers in each channel for G. pulex, L. nigra, H. sulphurea,
. fluviatilis were 65, 45, 16 and 25, corresponding to the densities
f 433, 300, 107 and 167 individuals m−2, respectively. Each treat-
ent group (control, 10.65 and 106.5 ng L−1) was replicated in four

tream channels.

.4. Macroinvertebrates in drift

Macroinvertebrates were monitored in the stream channels
or 10 consecutive days. At the end of each channel a net (mesh
ize 0.5 mm) was mounted to collect drift samples and nets
ere emptied every day at 10 a.m. in the experimental period.
ll macroinvertebrates caught were counted and their behaviour
as assessed using three categories: normal activity (preserved

scape response by physical touch), reduced activity (restricted
scape response by physical touch) and dead. All macroinverte-
rates alive were reintroduced into the respective stream channels.
t the end of the experiment, all remaining substratum was
reserved in 96% ethanol and later sorted for macroinverte-
rates.

.5. Microalgae accrual and leaf litter decomposition

Increase of algal biomass reflects grazing activity of macroin-
ertebrates in this simplified community. In this study we used
hlorophyll a density as a measure for algal coverage of the sub-
tratum. The gravel/pebble substrate was collected from each
hannel on experimental days 1 (prior to the introduction of
acroinvertebrates) 5, 8 and 10 for chlorophyll a analysis. Chloro-

hyll was extracted in ethanol and the absorbance at 665 nm
as measured in a PharmaSpec UV-1700 spectrophotometer. Total

hlorophyll a was calculated from the projected area of each col-
ected gravel/pebble.

Leaf pack weight loss reflects shredding activity and as such is
measure for decomposition of coarse particulate organic mate-

ial (CPOM). Five leaf packs were placed evenly spaced upstream
f cobbles to secure that they would keep position. Each leaf pack
as constituted of 10 conditioned beech leaves (Fagus sylvatica) col-

ected from a small groundwater fed first order stream in Velling
orest, Denmark. The catchment for this stream is entirely old beech
orest, thus the collected leaves have not been exposed to envi-
onmental toxins prior to the experiment. Initial dry weight (DW)
as established by drying 15 randomly selected beech leaves to a

onstant weight at 60 ◦C and then weighing on a Mettler Toledo XP-
04 balance with three decimals accuracy. After the last emptying
f driftnets on day 10, all leaf packs were retrieved and macroin-
ertebrates were removed and preserved in 96% ethanol. Final DW
f each leaf pack was established using the procedure described
bove.

.6. Macroinvertebrate size estimations

The size of different morphological parts was measured on all
acroinvertebrates and DW was calculated using established rela-

ionships between the size of a morphological measure (e.g. the
idth of head capsules) and their DW (Zelinka and Marvan, 1976;

versen and Jessen, 1977; Friberg et al., 2002). For A. fluviatilis it was

ecessary to establish a new length/DW relationship by collecting
dditional individuals in the field and measuring length of shells
ollowed by individual DW estimation. For all species DW was esti-

ated using simple linear regression and was 4.45 ± 0.10 mg for G.
ulex, 0.29 ± 0.007 mg for L. nigra, 1.64 ± 0.07 mg for H. sulphurea
nd 4.35 ± 0.25 mg for A. fluviatilis.
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.7. Statistics

The primary analytical approach of drift, macroinvertebrate
ctivity, microalgae accrual and leaf litter decomposition data were
NOVA and repeated measures ANOVA since response variables
ere observed over time (Littell et al., 1996). Specifically, drift data
ere analysed by a repeated mixed effect model (Littell et al., 1996)
ith pesticide treatment as fixed effect, channels as a random effect

nd day as repeated measure. The variance structure was modelled
y a compound symmetry variance matrix. Pairwise tests were
one by least square means and t-tests (SAS Institute Inc., 1989).
he analysis of algae was done using exactly the same methods as
or the drift data, but the variance structure was modelled by an
nstructured variance matrix. The leaf pack data was analyzed by
mixed effect model with pesticide treatment as fixed effect and

hannels as random effect. Pairwise tests were done by least square
eans and t-tests.

. Results

.1. Channel macroinvertbrate numbers

The number of macroinvertebrates did not decline significantly
P > 0.05) during the experimental period in any treatment group or
hannel as mortality was low and all individuals alive caught in drift
ere reintroduced. Average total number of G. pulex ranged from 61

ndividuals in 106.5 ng L−1 treatment to 63 individuals in controls,
rom 42 (106.5 ng L−1 treatment) to 44 (controls) for L. nigra, from
4 (106.5 ng L−1 treatment) to 15 (controls) for H. sulphurea and
ith A. fluvialtilis numbers being constant at 25 indivduals across

reatments and controls.

.2. Macroinvertebrate drift

The proportion of G. pulex in drift increased for all groups
control, 10.65 and 106.5 ng L−1) after 4 days reaching a plateau
or the remaining part of the experimental period (Fig. 1a). Drift
n control channels was significantly higher than both treatment
roups (t = 9.54, P < 0.0001 and t = 16.70, P < 0.0001, respectively).
etween treatment groups drift was significantly higher in chan-
els with macroinvertebrates exposed to 10.65 ng L−1 compared
ith 106.5 ng L−1 (t = 7.16, P < 0.0001).

As for G. pulex drift of L. nigra increased after 4 days but no con-
istent trend was evident in drift pattern among the three groups
Fig. 1b). Only few H. sulphurea drifted and there were no signif-
cant differences in drift pattern between treatment groups (data
ot shown). No A. fluviatilis drifted in the experimental period.

.3. Activity of macroinvertebrates

The proportion of G. pulex that maintained a normal activ-
ty level decreased with the concentration of lambda-cyhalothrin
Fig. 2a) which in 106.5 ng L−1 treatment corresponded to 3% of
he total number of individuals. The number of G. pulex individu-
ls showing reduced mobility increased slightly with concentration
f lambda-cyhalothrin. Compared to controls, the proportion of G.
ulex with normal activity level was significantly lower in both
reatments (t = 8.46, P < 0.0001 and t = 15.68, P < 0.0001, respec-
ively). Between treatments the proportion of individuals with

ormal activity level was significantly lower in the 106.5 ng L−1

reatment compared to 10.65 ng L−1 (t = 7.22, P < 0.0001). Activity
evel of G. pulex was significantly reduced in treatment channels
F9,81 = 20.21, P < 0.0001) and with significant interaction between
ime and concentration (F18,81 = 7.11, P < 0.0001) (data not shown)
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them less prone to enter drift. These findings are in accordance
ig. 1. The average proportion of G. pulex (a) and L. nigra (b) in drift during the
xperimental period (10 days) ± S.E. in stream channels with individuals treated
ith 0 (control), 10.65 and 106.5 ng L−1 lambda-cyhalothrin. Each treatment and

ontrol with four replicates.

ith the proportion of G. pulex with reduced mobility signifi-
antly increasing through the experimental period (F9,81 = 3.26,
= 0.0020).

The proportion of L. nigra in drift with normal activity declined
ith treatments while the proportion of individuals showing

educed mobility increased (Fig. 2b). The proportion of individ-
als with reduced activity level was significantly lower in the
06.5 ng L−1 treatment compared to controls (t = −4.14, P = 0.0025)
nd the 10.65 ng L−1 treatment (t = −2.54, P = 0.0317). There was a
ignificant interaction between time and concentration for activity
evel (F18,81 = 1.99, P = 0.019) (data not shown).

Despite that only few H. sulphurea were observed in drift, activ-
ty level in the 106.5 ng L−1 treatments was reduced compared
o the 10.65 ng L−1 treatments and controls (Fig. 2c). The propor-
ion of individuals with normal activity was significantly different
etween groups of treatment. (F2,9 = 5.73, P = 0.024), and there was
significant effect of the time of sampling (F9,81 = 2.22, P = 0.029).
o A. fluviatilis was found in drift during the experiment (data not

hown).

.4. Microalgal biomass accrual

Algal biomass increased during the experimental period in all

roups. There was a significant effect of treatment and time of
ampling on algal biomass (F2,9 = 5,09, P = 0.033 and F2,9 = 8,46,
= 0,0086, respectively). Treatment with 106.5 ng L−1 lambda-
yhalothrin had a strong effect on the grazers’ ability to reduce algal
iomass. Average initial chlorophyll a density was 3.57 mg m−2. In

w
w
4
o
o

cology 90 (2008) 228–234 231

hannels with macroinvertebrates exposed to 106.5 ng L−1 lambda-
yhalothrin chlorophyll a density increased to 16.15 mg m−2, while
he increment during the 10-day experimental period chloro-
hyll a merely increased to 6.25 and 4.30 mg m−2 in 10.65 ng L−1

reatment and controls, respectively (Fig. 3). Algal biomass was
ignificantly higher in channels with macroinvertebrates exposed
o 106.5 ng L−1 compared to the 10.65 ng L−1 treatment and con-
rols (t = −2.49, P = 0.035 and t = −2.98, P = 0.016, respectively). The
ncrease of algal biomass in the 10.65 ng L−1 treatments was not
ignificantly greater than in control channels.

.5. Leaf litter decomposition

Total decomposition of leaf packs was significantly higher in
ontrol channels compared to channels with treated macroinverte-
rates (t = −2.98, P = 0.016 and t = −2.49, P = 0.035). Leaf pack weight

oss was 0.17 g DW in control channels, three times greater than
.05 and 0.06 g DW in 10.65 and 106.5 ng L−1 treatments, respec-
ively (Fig. 4). The difference in leaf pack weight loss between the
wo treated groups was not significant (P > 0.05).

. Discussion

Effects of pesticide contamination on community and ecosys-
em level in streams have previously been observed at environmen-
ally realistic concentration levels (e.g. Wallace et al., 1989; Sibley
t al., 1991; Schulz and Liess, 1999b). Other more recent studies
ave found various indirect effects of pesticide exposure in addi-
ion to the more frequently used end points such as mortality or
xclusion of species (Lauridsen et al., 2006; Nørum et al., 2006;
chäfer et al., 2007). In this study several species were allowed to
nteract in a seminatural system and the results support previous
ndings of direct and indirect effects of pyrethroids on macroin-
ertebrates in running waters. Density of species in the mesocosm
emained approximately constant during the experiment because
f the reintroduction of all living individuals caught in drift. Thus
ifferences in leaf decomposition rate and algal grazing activity
annot be attributed to decreasing species densities according to
oss of macroinvertebrates from the stream channels.

During the 10-day experimental period, only G. pulex signifi-
antly changed drift pattern compared to the control group. Drift
ignificantly decreased with lambda-cyhalothrin concentration,
hile there were no significant changes in drift activity between

reatment groups for L. nigra, H. sulphurea and A. fluviatilis. An
ncrease in drift rate for G. pulex in controls and 10.65 ng L−1 treat-

ents and for L. nigra in all treatments was observed on day 5.
o significant external disturbance could explain this change but it
ight reflect a change in weather to more overcast conditions pro-
oting drift activity in general (see e.g. Allan, 1995). The initially

ower drift activity for both G. pulex and L. nigra and the subsequent
igher but stable activity level for G. pulex might indicate an accli-
ation period after their introduction into the channels. Previous

tudies have shown that the primary response of G. pulex and other
acroinvertebrates is to enter catastrophic drift when exposed to

yrethroids (e.g. Muirhead-Thomsen, 1978; Davies and Cook, 1993;
eckmann and Friberg, 2004; Nørum et al., 2006). The observed
ecrease in post exposure drift rate in G. pulex with pesticide treat-
ent might be ascribed to a reduction in activity level that make
ith previous video tracking recovery studies (Nørum et al., 2006),
here G. pulex was exposed to 100 ng L−1 lambda-cyhalothrin for

.5 h. G. pulex here showed reduced mobility in a subsequent period
f 1–3 days, and mortality increased in the entire recovery period
f 21 days.
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ig. 2. The condition of (a) G. pulex, (b) L. nigra and (c) H. sulphurea in drift during
er channel with four replicates for each treatment group 0 (control), 10.65 and 106
ctivity (preserved escape response by physical touch), reduced activity (restricted

According to functional grouping of the four macroinvertebrate
pecies in the mesocosm community, A. fluviatilis is the most sig-
ificant and efficient grazer followed by H. sulphurea (Elliott et al.,
988; Dall and Lindegaard, 1995). However, both G. pulex and L.
igra can feed on benthic algae if the resource is readily accessible
Marchant, 1981; Henderson et al., 1990).

The significant increase in total algal biomass in stream chan-
−1
els with macroinvertebrates treated with 106.5 ng L compared

ith control and the 10.65 ng L−1 treatment might indicate that the
bility of the macroinvertebrate assemblage to regulate total algal
iomass was altered. In accordance to this Kjeldsen (1996) found
hat algal biomass on rocks frequently rinsed with the pyrethroid

ig. 3. Changes of algal biomass during the experimental period (10 days). Gravel
sed for chlorophyll a analyses was gathered on day 5, 8 and 10 and for reference
n day 1. Each mark represents average ± S.E. for each treatment group (0 (control),
0.65 and 106.5 ng L−1 lambda-cyhalothrin).
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xperimental period (10 days) ± S.E. average and S.E. are based on 10 observations
−1 lambda-cyhalothrin). All individuals were visually classified being with normal

e response by physical touch) and dead.

ermethrin was higher than that of rocks rinsed with water, caused
y a release of macroinvertebrate grazing pressure. Our setup did
ot directly allow us to assess how feeding activity of each indi-
idual species was affected by the exposure. However, considering
hat neither drift activity nor behaviour of A. fluviatilis appeared to
e altered in any way and the reported low sensitivity of molluscs
o pyrethroids (Schroer et al., 2003), it is unlikely that this species
as responsible for the change in grazing pressure. With regard to

. sulphurea too few individuals were caught in drift and assessed

o establish if this species was affected by the treatment to a degree
hat would impact feeding efficiency. In contrast, both G. pulex and
. nigra were clearly affected and it seems likely that these two

ig. 4. Weight loss (g DW) in leaf packs during the experimental period (10
ays) ± S.E. average and S.E. are based on 5 leaf packs per streamchannel with four
eplicates for each treatment group (0, 10.65 and 106.5 ng L−1 lambda-cyhalothrin).
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pecies were primarily responsible for changes in grazing pressure,
ndicating that they might be more efficient grazers of microalgae
han normally believed.

In this study treatment with lambda-cyhalothrin had a pro-
ounced effect on macroinvertebrate shredding activity. Decompo-
ition of leaf packs was significantly lower in channels with treated
acroinvertebrates compared to controls but there were no clear

ose-response effect. G. pulex and L. nigra dominated the commu-
ity in number and density. Both species act primarily as shredders
nd feed upon CPOM in natural ecosystems (Iversen, 1988). The
ctivity of individuals of both species in drift was reduced in both
0.65 and 106.5 ng L−1 treatments though the assessed condition
f L. nigra was based on relatively few numbers. These results
re supported by other studies using video tracking which have
evealed long term reduction of mobility in G. pulex after exposure
o 10 ng L−1 lambda-cyhalothrin, cypermethrin or esfenvalerate
n the laboratory (Nørum and Bjerregaard, 2003; Nørum et al.,
006).

Our findings suggest that G. pulex and L. nigra are highly sensi-
ive to this pyrethroid and that effects can be seen not only in form
f readily induced short-term behavioural changes such as hyper-
obility, but also as longer term effects with subsequent reduced
obility and possibly feeding activity. This contention is supported

y Møhlenberg et al. (2004) who found reductions in shredding
ctivity for G. pulex exposed to 0.02 �g L−1 esfenvalerate for 30 min.
urthermore L. nigra and G. pulex are the two most sensitive species
owards pyrethroids in this simplified macroinvertebrate com-

unity (e.g. Anderson and Shubat, 1984; Giddings et al., 2001;
chroer et al., 2003). The lack of a clear dose-response correlation
egarding shredding activity between the 10.65 and 106.5 ng L−1

reatments could be explained by the relatively short experimen-
al period. Nørum et al. (2006) studied predator-prey interactions
etween G. pulex and L. nigra impacted by lambda-cyhalothrin
nd found the strongest dose-response correlation between 1 and
0 ng L−1. Thus the observed effect of lambda-cyhalothrin concen-
ration on shredding activity, and maybe grazing pressure as well,
ould possibly have been stronger with a longer experimental
eriod.

The exposure scenario we used was mimicking a run-off event
here pesticides recently applied, either dissolved or bound to
articles, enters the stream ecosystem in periods with high precip-

tation. Several Danish studies have shown this scenario provides
he highest peak concentrations with regard to pyretheroids and
ccurs more frequently under natural conditions than other routes
f exposure such as spray drift (e.g. Wiggers, 1999; Kronvang et al.,
004).

A key question when utilising a mesocosm approach is to what
xtent these artificial environments mimic natural conditions, i.e.
heir realism. Limited biological complexity or scale-dependent
ehaviour of component species could limit the relevance and
pplicability to real systems (Cooper and Barmuta, 1993). We used
oncentrations of lambda-cyhalothrin in a range that have been
bserved in Danish streams (Wiggers, 1999) and exposed macroin-
ertebrates to a short 90 min pulse mimicking realistic exposure
onditions under high run-off events. As we exposed macroin-
ertebrates in the laboratory without the combined of stress of
ncreased water velocities that would occur under in-stream con-
itions, our experimental design might underestimate the negative

mpact of lambda-cyhalothrin on macroinvertebrates in real expo-
ure scenarios. In contrast, we might have overestimated impacts

n ecosystem function as there is likely to be a greater functional
edundancy in natural systems compared with our simplified four-
pecies assemblage. However, negative impacts of pyrethroids on
oth grazing and leaf litter processing has been reported from
tudies of natural streams (Kjeldsen, 1996; Schäfer et al., 2007)

K

K
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nd our experiment clearly supports the hypothesis that lambda-
yhalothrin potentially can change ecosystem function.
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