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Previously,  laboratory  experiments  have  revealed  that  freely  diluted  azole  fungicides  potentiate  the
direct  toxic  effect  of  pyrethroid  insecticides  on Daphnia  magna.  More  ecologically  relevant  exposure
scenarios  where  pesticides  are  adsorbed  have  not  been  addressed.  In this  study  we  exposed  beech  leaves
(Fagus sylvatica)  to the  azole  fungicide  propiconazole  (50  or 500  �g L−1),  the  pyrethroid  insecticide  alpha-
cypermethrin  (0.1  or 1  �g  L−1) or any  combination  of the two for 3  h. Exposed  leaves  were  transferred  to
aquaria  with  or  without  an  assemblage  of  macroinvertebrate  shredders,  and  we  studied  treatment  effects
on  rates  of  microbial  leaf  decomposition,  microbial  biomass  (using  C:N  ratio  as a  surrogate  measure)  and
macroinvertebrate  shredding  activity  during  26  days  post-exposure.  Microbial  leaf  decomposition  rates
were significantly  reduced  in  the  propiconazole  treatments,  and  the reduction  in microbial  activity  was
significantly  correlated  with  loss  of  microbial  biomass  (increased  C:N  ratio).  Macroinvertebrate  shredding
activity  was  significantly  reduced  in the  alpha-cypermethrin  treatments.  In  addition,  the macroinverte-
brate  assemblage  responded  to  the propiconazole  treatments  by increasing  their  consumption  of  leaf

litter  with  lower  microbial  biomass,  probably  to compensate  for the  reduced  nutritional  quality  of this
leaf litter.  We  found  no  interaction  between  the two  pesticides  on  macroinvertebrate  shredding  activity,
using Independent  Action  as a reference  model.  In terms  of  microbial  leaf  decomposition  rates,  however,
alpha-cypermethrin  acted  as an  antagonist  on  propiconazole.  Based  on these  results  we  emphasise  the
importance  of  considering  indirect  effects  of pesticides  in  the  risk  assessment  of surface  water  ecosystems.
. Introduction

The conversion of coarse particulate organic matter (CPOM) into
ne particulate organic matter (FPOM) is a fundamental stream
cosystem process that is primarily mediated by microorganisms
nd shredding macroinvertebrates. Microorganisms, especially
yphomycetes, are important for the conversion of leaf litter into
ore palatable food resources for macroinvertebrate shredders

nd collectors/gatherers as they degrade indigestible polysaccha-
ides and increase the nutritional value of leaves (Bärlocher and
endrick, 1975b; Gessner et al., 2007). Shredding macroinverte-
rates convert CPOM into minor leaf fragments and faecal pellets

Graca, 2001), and several species of macroinvertebrates have been
hown to consistently select or reject leaf fragments dependent on
he species of aquatic fungi that colonised the leaf material (Arsuffi
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and Suberkropp, 1989). However, total microbial biomass on leaves
is recognised as an overall robust indicator for preferred macroin-
vertebrate shredding activity (Graca, 2001; Gulis et al., 2006).

Periodic contamination with agricultural pesticides potentially
impairs the structure and/or the function of stream biota, and agri-
cultural streams are recognised as some of the most impacted
on earth (MEA, 2005). Indeed, the co-occurrence of numerous
pesticides in agricultural streams has been reported frequently
in scientific studies and monitoring programs (Bøgestrand, 2007;
Martin et al., 2003; Rasmussen et al., 2011; Schäfer et al., 2011b).

Research reviews of the interaction between chemical tox-
icants in mixtures show that the vast majority of effects can
be predicted with the model of concentration addition (Belden
et al., 2007; Cedergreen et al., 2008; Deneer, 2000). However,
in approximately 5% of the studies of binary mixtures the effect

was significantly potentiated, and the majority of these studies
involved azole fungicides (Cedergreen et al., 2006, 2008; Nørgaard
and Cedergreen, 2010). Azole fungicides (including triazoles and
imidazoles) are C14�-demethylase inhibitors that obstruct the

dx.doi.org/10.1016/j.aquatox.2012.03.015
http://www.sciencedirect.com/science/journal/0166445X
http://www.elsevier.com/locate/aquatox
mailto:jr@dmu.dk
dx.doi.org/10.1016/j.aquatox.2012.03.015
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Table 1
Chemical parameters for stream water used in the laboratory experiment.

Chemical parameters Concentration (mg  L−1)

NH4-N 0.006
(NO2 + NO3)-N 2.57
Total N 2.79
PO4-P 0.002
Total P 0.003
J.J. Rasmussen et al. / Aquati

iosynthesis of ergosterol (a significant part of fungi cell walls) by
nhibiting the activity of an enzyme belonging to the group of P450

onooxygenases (Copping and Hewitt, 1998). Their synergising
otential is hypothesised to be due to inhibition of P450 monooxy-
enases responsible for the oxygenation and thereby degradation
f other xenobiotics in target organisms (Walker, 2009). Azole
ungicides are often applied to agricultural fields in tank mixtures
ith pyrethroid insecticides, and recent studies have confirmed

hat some azole fungicides synergise the effect of pyrethroid
nsecticides both under laboratory and field conditions (Bjergager
t al., 2011; Nørgaard and Cedergreen, 2010). Field screenings of
tream water have disclosed concentrations up to 175 �g L−1 and
.2 �g L−1 of azole fungicides and pyrethroid insecticides, respec-
ively (Elsaesser and Schulz, 2008; Liess et al., 1999). However, due
o their physicochemical properties pyrethroids and some azole
ungicides probably primarily occur in surface waters as sorption-
omplexes with organic particles (Ding et al., 2010; Ensminger
t al., 2011).

Short term effects of pyrethroid insecticides on benthic
acroinvertebrates have been reported to include reduced feed-

ng rate of some shredders and grazers (Lauridsen et al., 2006;
asmussen et al., 2008) and altered locomotor behaviour (Nørum
t al., 2010), whereas long term effects include reduced growth,
ecundity and emergence success (Liess and Schulz, 1996; Schulz
nd Liess, 2001a,b). Recently, research on effects of fungicides
n non-target microorganisms has received increasing attention,
nd changes in structure or function of microbial communities
ave been documented in laboratory studies and in the field
Dijksterhuis et al., 2011; Rasmussen et al., 2012; Schäfer et al.,
011a). Moreover, Bundschuh et al. (2011) showed that Gammarus

ossarum preferred unexposed leaves over those that were previ-
usly exposed to an azole fungicide, and this selective behaviour
as ascribed to pesticide-induced changes in the microbial com-
unity structure associated with the leaf fragments. In the field,

owever, these effects may  be counteracted by functional redun-
ancy and high abundances of shredders such as Gammaridae
Piscart et al., 2009; Rasmussen et al., 2012). Moreover, in agri-
ultural streams shredding macroinvertebrates may  not have the
ption to select between exposed and unexposed sources of food.

In the present study we applied a classic cross-factorial design to
tudy the decomposition rates of leaf litter that was  pulse-exposed
o the triazole fungicide propiconazole and/or the pyrethroid insec-
icide alpha-cypermethrin. The decomposition rates were studied
n the presence or absence of an assemblage of macroinvertebrate
hredders. In addition, we used the C:N ratio of leaves as a proxy
or microbial biomass and nutritional quality for macroinvertebrate
hredders (as C:N ratio decreases with increasing biomass of fungi).
ore specifically we tested the hypotheses that (1) propiconazole

xposure reduces the biomass of leaf-associated fungi (increas-
ng the C:N ratio) which is additionally reflected by reduced rates
f microbial leaf decomposition, (2) alpha-cypermethrin exposure
ecreases the rate of macroinvertebrate shredding due to either
irect toxic effects or a repelling effect, (3) the toxicity of alpha-
ypermethrin to macroinvertebrates is potentiated by the presence
f propiconazole, and (4) the average macroinvertebrate shredding
ctivity will increase with decreased nutritional quality of leaves
higher C:N ratio), as the shredding macroinvertebrates must com-
ensate for low nutritional quality of ingested food by increasing
he feeding rate in order to maintain basic body functions. This
icture may, however, be obscured by the direct toxic effect of
lpha-cypermethrin on macroinvertebrates in the insecticide and
ombination treatments. The joint effects of alpha-cypermethrin

nd propiconazole were predicted using the model of indepen-
ent action (IA) (Bliss, 1939). This model was chosen as the two
esticides are expected to have different modes of action on the
wo measured endpoints, microbial and shredder mediated leaf
Total Fe 0.004
pH 7.0

decomposition, with propiconazole having a direct fungicidal effect
on the fungal community colonising the leaves, while alpha-
cypermethrin will most likely only exhibit a narcotic toxicity
towards microorganisms which lack the nervous system of higher
organisms. The shredders are, however, likely to be directly affected
by alpha-cypermethrin through its effect on the nervous system
(Copping and Hewitt, 1998), whereas propiconazole should not
have a direct toxic effect apart from the mentioned potential
effects on the P450 mediated metabolism of the macroinverte-
brates (Walker, 2009).

2. Materials and methods

2.1. Leaf packs

Beech leaves (Fagus sylvatica) were collected in April, 2009 from
Søndervinge Brook – an unpolluted first order stream in a catch-
ment that is dominated by old beech forest. Thus, the collected
leaves were supposed to be uncontaminated by pesticides prior
to the experiment and were further assumed to be colonised with
microorganisms. The leaves were stored in lightly aerated stream
water at 10 ◦C for three weeks prior to the experiment to allow
for the microorganism community to adapt to laboratory condi-
tions using a diurnal light/darkness cycle of 14 h/10 h, respectively.
Water chemistry of the stream water used at all stages of the exper-
iment is presented in Table 1.

Leaves used in the experiment were carefully selected with
highest possible similarity in terms of texture and colour. Based
on 50 randomly selected leaves the relation between fresh weight
(FW) and dry weight (DW) for the leaves was established prior
to the experiment. The leaves were blotted and the petiole
was removed from all leaves before establishing the relationship
between FW and DW.  The DW was obtained by drying the leaves
to constant mass at 60 ◦C. The leaves were subsequently weighed
using a Mettler Toledo XP-204 (10 �g accuracy).

Leaf packs for the experiment were produced the day before
exposure by stacking 4–6 leaf discs (2 cm diameter, petioles
removed if present) with a total weight of 0.30 ± 0.01 g FW.  The
introduced leaf packs function as substrate for microbial organisms
and as food source for macroinvertebrate shredders. The leaf discs
were threaded in a bundle using a polyester string.

2.2. Macroinvertebrates

The macroinvertebrates that were used in this study included
two species: the amphipod Gammarus pulex (L.) and the caddisfly
Halesus radiatus (Curtis). They were collected in early May  2009,
in uncontaminated streams (Hagenstrup Millbrook, eastern Jut-
land, for G. pulex and Silke Stream, South Funen, for H. radiatus).
All macroinvertebrates were stored in lightly aerated stream water
at 10 ◦C with sufficient leaf material to avoid biased rates of leaf

decomposition in the early phase of the experiment due to starved
individuals. To harmonise the size of animals for the study, G. pulex
smaller than 10 mm in length were discarded, whereas only instars
IV and V of H. radiatus were selected. However, in order to relate
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Table 2
Treatments with the insecticide alpha-cypermethrin and the fungicide prop-
iconazole in the laboratory experiment with leaf packs (with and without
macroinvertebrate shredders). Each of the nine different treatments was triplicated.

Propiconazole (�g L−1)

0 50 500

0 Control + +
6 J.J. Rasmussen et al. / Aquati

he size of animals to results from previous studies, we calculated
he average DW of G. pulex based on a previously published rela-
ion between the length of the first thoracic segment and their DW
n = 50) (Iversen and Jessen, 1977). The DW of the incubated H.
adiatus was measured as the average DW (n = 50) drying the ani-
als to constant mass at 60 ◦C. The average DW was  4.37 ± 0.14 mg

or G. pulex and 4.56 ± 0.10 g for H. radiatus.

.3. Pesticides and exposure

Propiconazole and alpha-cypermethrin were applied as the ana-
ytical standards PESTANAL® (99.8% purity) and were purchased
rom Sigma–Aldrich (Selze, Germany). Dilutions of the pesticides
ere produced immediately before use using a dilution series based

n 96% ethanol. The stock solutions were additionally produced in
6% ethanol. Nominal exposure concentrations were 50 �g L−1 and
00 �g L−1 for propiconazole and 0.1 �g L−1 and 1 �g L−1 for alpha-
ypermethrin including all combinations of propiconazole and
lpha-cypermethrin. All pesticide exposure concentration were
pplied in 5 ml  96% ethanol, and control aquaria received an equiva-
ent concentration of ethanol in order to compensate for potentially
nintended effects of ethanol.

The leaves were exposed to pesticides in 2 L glass tanks in
ightly aerated and moderately stirred stream water at 10 ◦C for 3 h
eflecting one runoff episode from agricultural fields (Wauchope,
978). One water sample was collected from the exposure tank
efore the leaves were submerged in order to verify actual exposure
oncentrations. Following the pesticide exposure, the leaves were
ransferred to plastic aquaria with lightly aerated stream water
or 24 h to remove potential pesticides that were not adsorbed to
he leaves. Lastly, the leaf packs were transferred to the aquaria

icrocosms with or without the macroinvertebrates.
Actual pesticide concentrations were measured using a method

hat is based on solid phase extraction of propiconazole and
lpha-cypermethrin followed by quantification by reverse-phase
PLC-MS. The method is described in full detail in Nørum et al.

2010), and the detection limit was 10 ng L−1 for both compounds.
he actual concentrations of alpha-cypermethrin were 60–90% of
he nominal concentration which is acceptable given the physico-
hemical properties of the compound. The actual concentrations of
ropiconazole were 80–90% of nominal concentrations. For clarity
he nominal concentrations are used in the succeeding parts of the
rticle. We  attempted to measure pesticide content on leaves using
cetone to extract alpha-cypermethrin and propiconazole from the
eaves and subsequently analyse the extract by gas chromatogra-
hy and mass spectrometry (GC–MS/NCI; NCI = Negative Chemical

onisation). However, we were unable to obtain sufficiently low
etection limits to measure the actual pesticide contents on leaves.

.4. Experimental set-up

The study was conducted at 10 ◦C using a diurnal light/dark cycle
f 14/10 h. Triplicate plastic aquaria (25 L) were used to study rates
f leaf decomposition facilitated by microbial decomposers and/or
acroinvertebrate shredders. A plastic net (500 �m mesh size) was
ounted to the smooth aquarium floor to provide a substrate suit-

ble for the crawling of H. radiatus. The water was lightly aerated
n all aquaria. A classic cross factorial design was used to study
he rates of decomposition (with or without macroinvertebrates)
f leaves that were pre-exposed to propiconazole (50 �g L−1 and
00 �g L−1), alpha-cypermethrin (0.1 �g L−1 and 1 �g L−1) or any
ombination of propiconazole and alpha-cypermethrin, and a con-

rol group was added (Table 2). Triplicate aquaria were applied
or each treatment totally amounting to two sets of 27 aquaria
one set with and one set without macroinvertebrates). Twenty-
ne leaf packs were designated with ID (on small plastic labels) and
Alpha-cypermethrin
(�g L−1) 0.1  + + +

1.0  + + +

transferred to each of the aquaria. The average sum weight of leaf
packs was 1.38 ± 0.01 g DW per aquarium. Furthermore, three H.
radiatus and 33 G. pulex were introduced to each of 27 aquaria.
The rationale behind the shredder ratio was  that G. pulex in most
streams would be significantly more abundant, but at the same time
significantly less efficient in the shredding process than H.  radiatus
(Friberg, 1997; Rasmussen et al., 2012).

On experimental days 3, 6, 11, 18 and 26 three leaf packs were
collected from each aquarium using the leaf pack ID to randomise
the sampling. Moreover, the macroinvertebrates in each aquar-
ium were registered as alive or dead. Sampled leaf packs were
stored at −18 ◦C. In order to maximise the ability to compare time-
integrated shredding activities, and to minimise temporal changes
of macroinvertebrate density dependant competition for space and
food among treatments, the ratio between numbers of remaining
leaf packs and macroinvertebrates was  maintained at a constant
level by removing equal proportions of leaves and macroinverte-
brates during each sampling. Removed macroinvertebrates were
preserved in 96% ethanol. At day 26 the experiment was terminated
and remaining leaves and macroinvertebrates were collected and
stored at −18 ◦C and in 96% ethanol, respectively.

2.5. Leaf contents of carbon and nitrogen

The ratio between carbon (C) and nitrogen (N) content in leaves
was used as a proxy for microbial biomass, while also reflecting
the nutritional quality of leaves for shredding macroinvertebrates
(Gessner and Chauvet, 1994; Gessner et al., 2007). Total carbon and
nitrogen abundances were determined according to the method
described in Scrimgeour and Robinson (2003).  The dried leaf packs
were ground individually and 5.6 ± 0.4 mg  of the ground leaf mate-
rial from each pack were weighed into 6 × 4 mm tin cups for
analysis by continuous flow Dumas combustion using a Roboprep
CN sample converter (Europa Scientific, Crewe, UK) in line with a
Tracermass spectrometer (Europa Scientific, Crewe, UK). Samples
were quantified relative to a leucine/citric acid mixture of known
C and N contents.

2.6. Data analysis

For each aquarium the remaining dry mass of leaves was fit to
the exponential decay model

mt = m0 ∗ e−kt. (1)

where mt is the leaf dry mass remaining at time t, m0 is the initial
dry mass and k (day−1) is the rate of leaf decomposition. The k was
applied as measure for leaf decomposition for microbial decom-
position and macroinvertebrate shredding activity (Abelho, 2001),
hence, one k value was  calculated for each aquarium (Appendix A).

Two-way analysis of variance was used to analyse for potential
differences in rates of leaf decomposition (k), macroinvertebrate

mortality and average C:N ratios among pesticide treatments (n = 3,
P < 0.05). The Shapiro–Wilk test was  used to test for normal dis-
tribution, the Levene’s test was  used to test for homogeneity of
variance, and Bonferoni adjusted Fisher LSD was used as post hoc
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Fig. 1. Rates of leaf decomposition facilitated by microbial organisms (kmicrobial)
subsequent to a 3 h pulse exposure to 0, 50 or 500 �g L−1 propiconazole. Each of
the  propiconazole treatments were combined with the simultaneous exposure to 0
(A), 0.1 (B) or 1 (C) �g L−1 alpha-cypermethrin. Significant effects of the treatment
were found for the pure propiconazole treatments (ANOVA P < 0.05, n = 3). Asterisks
J.J. Rasmussen et al. / Aquati

est for pairwise differences (alpha = 0.05). Moreover, we used one-
ay analysis of variance to analyse for potential differences in rates

f leaf decomposition (k) in the presence or absence of macroin-
ertebrate shredders among three of the pesticide treatments.
e tested for differences in macroinvertebrate shredding activ-

ty among treatments with 0, 0.1 and 1 �g L−1 alpha-cypermethrin
ithin each of the propiconazole treatments (0, 50 and 500 �g L−1),

nd we tested for differences in microbial decomposition rates
mong propiconazole treatments (0, 50 and 500 �g L−1) within
ach of the alpha-cypermethrin treatments (0, 0.1 and 1 �g L−1).
e used the Bonferoni adjusted Fisher LSD as post hoc test, and for

larity we decided a priori only to compare the C:N ratio for each
reatment to the C:N ratio for the control group. Homogeneity of
ariance was confirmed for all data. All ANOVAs and post hoc tests
ere conducted using SAS Enterprise Guide 4.2.

Using linear regressions we tested strength of the correlation
etween rates of microbial litter decomposition and the C:N ratio
f leaves. Furthermore, we tested if the nutritional quality of leaves
C:N ratio) was a significant predictor for macroinvertebrate shred-
ing activity. We  used the C:N ratios measured on experimental
ays 3, 6, 11, 18, 26 and the time-weighed average (n = 27) as input
arameters. All regression analyses were performed in SigmaPlot
1.0.

Possible interactions between the two pesticides on microbial
ecomposition and shredder activity were tested using the refer-
nce model; Independent Action (IA) (Bliss, 1939). Independent
ction is originally based on probabilities and states that the prob-
bility of being un-affected by a combination of chemicals is equal
o the product of probabilities of not being affected by each of the
hemicals separately. Expressed mathematically, this is:

mix = RA ∗ RB ∗ . . . Rn =
n∏

i=1

Rn (2)

here Rmix is the probability of not being affected by the mixture
nd RA, RB, and Rn denote the probability of not being affected by
hemical A or B up to n chemicals. Even though IA is based on the
ssumption of binomial endpoints and probabilities, it has been
hown to be a strong descriptor of joint effects on gradual data,
nd often being quite similar to predictions using Concentration
ddition (CA) as the reference model (Cedergreen et al., 2008). In

his study, average microbial and shredder leaf decomposition rates
f all mixture treatments calculated as a proportion of the untreated
ontrols were used to calculate the IA predictions.

. Results

.1. Microbial leaf decomposition

We  found that the rates of microbial leaf decomposi-
ion (kmicrobial) were significantly different among treatments
P = 0.003) with the effect of propiconazole being significant
P < 0.001) (Two-way ANOVA) (raw data shown in Appendix B).

e found no significant effects of alpha-cypermethrin, and there
ere no significant interactions on kmicrobial (P = 0.057 and P = 0.159,

espectively). The pure 50 �g L−1 and 500 �g L−1 propiconazole
reatments significantly reduced kmicrobial when compared to con-
rols (P = 0.016 and P = 0.002, respectively). The kmicrobial was  not
ignificantly different between the 50 �g L−1 and 500 �g L−1 prop-
conazole treatments (P = 0.093) (Fig. 1). Moreover, the additional
resence of alpha-cypermethrin reduced the effect of propicona-
ole on kmicrobial, but there was still a tendency of a decreased

microbial, but the decrease was less and not significant (Fig. 1B and
). Comparing the observed decomposition rates of the mixed treat-
ents with the IA predictions showed that the IA predictions were

ower than the observed decomposition rates and not included in
indicate the level of significance (* indicates P < 0.05 and ** indicates P < 0.005). IA
predictions of the mixture treatments based on the single chemical responses are
given as open symbols. Error bars indicate 95% confidence intervals.

the 95% confidence intervals in three of the four mixtures. This
strongly indicates significant antagony between the two chemicals
on microbial decomposition of leaves.

3.2. Macroinvertebrate shredding activity

We  found no significant effect of pesticide treatments on
macroinvertebrate mortality (P > 0.05) (Appendix C). The macroin-
vertebrate shredding activity (kshredders) was  significantly different
among treatments (P = 0.047), and there was a significant
effect of alpha-cypermethrin (P = 0.003), but not of propicona-

zole (P = 0.581). We found no interactions between treatments
(P = 0.619) (Two-way ANOVA) (raw data shown in Appendix B).
The pure alpha-cypermethrin treatments (0.1 �g L−1 and 1 �g L−1)
significantly reduced the shredding activity compared to the
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Fig. 2. Rates of leaf decomposition facilitated by macroinvertebrate shredders
(kshredder). Leaves were exposed to 0, 0.1 or 1 �g L−1 alphacypermethrin for 3 h, and
after a rinsing procedure they were introduced to the macroinvertebrate shred-
der  assemblage. Each of the alpha-cypermethrin treatments were combined with
the  simultaneous exposure to 0 (A), 50 (B) or 500 (C) �g L−1 propiconazole. Signif-
icant effects of the treatment are indicated with asterisks (* indicates P < 0.05 and
**  indicates P < 0.005). IA predictions of the mixture treatments based on the sin-
gle  chemical responses accepting propiconazole induced shredder stimulation are
given as open symbols, while predictions not accepting stimulation are given in grey
s
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Fig. 3. The rate of leaf decomposition (k) facilitated by microbial organisms (A) and
an  assemblage of macroinvertebrate shredders (B) as a function of the average C:N

(R2 = 0.47, P < 0.001, n = 27) (Fig. 3). The slope of the regression
ymbols. Error bars indicate 95% confidence intervals.

ontrol (P = 0.036 and P = 0.003, respectively) (Fig. 2A), but there
as no significant difference in shredding activity between

he two alpha-cypermethrin treatments (P = 0.430). Addition-
lly, the alpha-cypermethrin treatments significantly reduced the
acroinvertebrates shredding activity in mixtures with 50 �g L−1

ropiconazole but not in mixtures with 500 �g L−1 propiconazole
P = 0.018 and P = 0.246, respectively) (Fig. 2B and C). As shredder
ates actually increased in response to propiconazole (probably

esulting from the effect of propiconazole on the nutritional qual-
ty of leaves as discussed below), this caused effect estimates to be
1. As IA theory is based on binary endpoints, effects above 100%
ratio of leaves that were previously exposed to one of eight different treatments with
propiconazole, alpha-cypermethrin or the combination of the two (and control).
Dashed lines represent 95% confidence intervals.

are not possible. From a biological point of view, it does, how-
ever, make sense to consider one chemical as having stimulating
effects and another having inhibitory effects, with the combined
effects being a product of the two (discussed in Ohlsson et al.,
2010). Using the true effects of propiconazole on shredder activity
(values >1) the mixed treatments with the IA predictions showed
that the predictions were within the 95% confidence intervals
of the observed shredding rates for both combinations of leaves
treated with 0.1 �g L−1 alpha-cypermethrin. However, for the com-
bination treatments with 1 �g L−1 alpha-cypermethrin and 50 or
500 �g L−1 propiconazole the observed shredding rates were sig-
nificantly lower than those predicted by IA (Fig. 2B and C). If the
propiconazole treatment increased the shredding rates, the alpha-
cypermethrin treatment decreased shredding rates proportionally
or more than expected by IA. Assuming that the propiconazole
treatment did not affect the shredding rates, IA predictions were
within the 95% confidence limits for all mixture treatments (Fig. 2B
and C).

3.3. C:N ratio

We found no significant differences among the average C:N
ratios for the treatments (P > 0.05) (Appendix D). Moreover, we
found no significant effect of pesticides on the C:N ratios for experi-
mental days 3, 6, 11, 18 or 26 (P > 0.05, data not shown). The kmicrobial
significantly decreased with increasing average C:N ratio for leaves
line was significantly different from zero (P < 0.05). In addition, the
kshredder significantly increased with increasing C:N ratio for leaves
(R2 = 0.4, P < 0.001, n = 27) (Fig. 3), and the slope of the regression
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ine was significantly different from zero (P < 0.05). Using the C:N
atio for experimental days 3, 6, 11, 18 or 26 as alternative to the
verage C:N ratio for the entire study period did not improve the
evel of significance for any of the correlations.

. Discussion

.1. Microbial leaf decomposition

As hypothesised, a short pulse of the triazole fungicide
ropiconazole significantly reduced the rate of microbial leaf
ecomposition over a 26 days period, and this effect tended
o increase with increasing exposure concentration. The results
robably reflect a direct toxic effect of propiconazole on the
ungal microbial community caused by the inhibition of C14�-
emethylase which is involved in the biosynthesis of ergosterol,
n essential membrane sterol for fungi (Copping and Hewitt,
998). Propiconazole is likely to adsorb to the leaf surfaces due
o its lipophilic properties (log Kow = 3.7). Since the leaf surface
s colonised with microbial organisms such as freshwater fungi
Bärlocher and Kendrick, 1975a,b) the probability of propicona-
ole reaching the non-target freshwater fungi is expected to be
elatively high, enforcing the toxic potential of propiconazole.

We did not find a significant effect of pesticide treatments on the
:N ratio for the leaves due to large variations within treatments,
ut the significant decrease of microbial decomposition rates with

ncreasing average C:N ratio of the leaves confirms that the changes
n C:N ratio are linked to the degree of microbial colonisation of the
eaves. This indicates that the rate of microbial activity was a more
ensitive endpoint than the microbial biomass estimate measured
s C:N ratio due to lower data variability. However, this rank order-
ng of endpoint sensitivity receives varying support in the literature
Duarte et al., 2008a; Fernandes et al., 2009; Gessner and Chauvet,
002; Schäfer et al., 2011a).  The C:N measurements reflect the sum
f living and dead biomass, whereas microbial activity represents
iving cells only, and a slow decomposition of dead microbial organ-
sms may  be the reason for the microbial activity being the more
ensitive endpoint for fungicidal effects of propiconazole in our
tudy.

The presence of alpha-cypermethrin seemed to reduce the
oxic effect of propiconazole on rates of microbial decompo-
ition, and when compared to IA mixture toxicity predictions,
lpha-cypermethrin showed antagonistic behaviour in the com-
ination treatments. We  have found no obvious explanation for
his observation but can only speculate that the presence of
lpha-cypermethrin may  alter the sorption characteristics for
ropiconazole, though this seems unlikely considering the low con-
entrations of alpha-cypermethrin compared to propiconazole and
he lipophilic binding mechanisms of both compounds. However,
he attempted measurements of pesticide contents of the leaf mate-
ial were not successful; hence we cannot confirm nor reject this
ypothesis.

.2. Macroinvertebrate shredding activity

The macroinvertebrate shredding activity was reduced by 50%
ompared with the control group when leaves were previously
xposed to the pyrethroid insecticide alpha-cypermethrin (0.1 or

 �g L−1). Up to 98% of molecules of this substance are (due to
ts high Kow of 6.9) proposed to form irreversible sorption com-
lexes with organic material within 2 h after the introduction to

reshwater (Lauridsen et al., 2006). Our results therefore most
ikely reflect that the macroinvertebrate shredders to some extent
eased to consume the contaminated leaves due to a direct but
ublethal toxic effect of the contaminated leaves or a repelling
ology 118– 119 (2012) 54– 61 59

effect. Similar effects were observed in a study of Lauridsen et al.
(2006) where shredding rates of the caddis fly Sericostoma per-
sonatum were reduced when leaves were previously exposed to
0.3 �g L−1 of the pyrethroid lambda-cyhalothrin for 24 h. In our
study, the presence of two different species of macroinvertebrate
shredders could possibly introduce some functional redundancy
to the system, but reduced shredding activity was observed down
to 0.1 �g L−1 which is clearly below the lowest concentration of
observed effects in Lauridsen et al. (2006).  The increased sensitivity
to alpha-cypermethrin for one or both macroinvertebrate species
therefore could be a potential side effect of several organisms
potentially competing for food and space. Interspecies competi-
tion has been shown to significantly increase the effects of pesticide
exposure in other studies (Beketov and Liess, 2005).

Propiconazole had no significant adverse effect on the macroin-
vertebrate shredding activity. On the contrary, shredder activity
seemed to increase with increasing propiconazole exposure. Since
the nutritional quality of microbial cells is 4–10 times higher than
the nutritional quality of unconditioned leaves, a reduction of the
microbial biomass, resulting from the exposure of propiconazole,
is likely to reduce the nutritional quality of leaves (i.e. increased
C:N ratio) (Bärlocher and Kendrick, 1975a,b). The reduced nutri-
tional quality of propiconazole treated leaves could have caused
the macroinvertebrate assemblage to compensate for a potential
nutritional deficiency by increasing the consumption of leaf litter
in order to meet energy requirements for basic physiological pro-
cesses (Simpson and Simpson, 1990). Hence, even if propiconazole
did not have a direct toxic effect on the shredders, it could affect
the feeding behaviour and nutritional status of the shredders indi-
rectly through its effect on the microbial colonisation of the leaves
and thereby food quality.

The results of the mixture treatment additionally need to
be interpreted in that context. If we  accept that feeding
activity increases in the presence of propiconazole, the high
alpha-cypermethrin concentration decreases shredder activity
proportionately more in the two  propiconazole treatments com-
pared to the decrease in the pure alpha-cypermethrin treatment.
This could be interpreted as synergy, resulting either from initial
increased feeding rates resulting in higher exposure to alpha-
cypermethrin, or from propiconazole having a direct impact on the
metabolisation of alpha-cypermethrin. The latter is believed to be
the cause of synergy observed between freely diluted pyrethroid
insecticides on Daphnia magna and other zooplankton in labora-
tory and microcosm studies (Bjergager et al., 2011; Nørgaard and
Cedergreen, 2010). However, the variance in the test system is
high, and the number of replicates is low. And if not accepting
an increased shredding activity in the propiconazole treatments,
but simply assuming them to be as the pure control, there is no
difference between observed and predicted shredding activity in
the mixture treatments. The interpretation of potential synergistic
interactions between the pesticides when adsorbed to organic mat-
ter and when using a non-lethal endpoint such as shredding activity
consequently needs more in-depth studies where exposure can
be quantified over time together with the proposed physiological
effects of both propiconazole and alpha-cypermethrin.

4.3. Microbial biomass and nutritional quality

We  found no significant effect of pesticide treatment on the C:N
ratio of the leaves, but the average C:N ratios explained 47% of
the variation in rates of microbial decomposition, where increas-
ing C:N ratios were characterised by decreasing rates of microbial

decomposition. This clearly indicates that there was a general effect
of the different pesticide treatments and that the C:N ratio did
reflect microbial abundance and activity. In addition, the correla-
tion shows that there was  no significant functional redundancy in
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hese microorganism communities. Increasing abundance of more
olerant species, however, has been observed in other studies as

 result of competitive release which is facilitated by decreasing
bundance of more sensitive species as a result of toxic stress
Duarte et al., 2008b; Gessner and Chauvet, 2002). Consistent with
ur results Bundschuh et al. (2011) observed a significant reduc-
ion of the microbial biomass on leaves after 12 days exposure
o 500 �g L−1 of the triazole fungicide tebuconazole. These results
onfirm that triazole fungicides are toxic for aquatic microorgan-
sms, and the results from our study extend these findings into the
ange of environmentally realistic exposure durations.

As already mentioned, the rate of macroinvertebrate shred-
ing activity significantly increased with decreasing nutritional
uality of leaves (higher C:N ratio) with low nutritional value of

eaves primarily being associated with the fungicide treatments,
hile the increased shredder activity was believed to be a compen-

atory behaviour with the aim of optimising energy input (Simpson
nd Simpson, 1990). These interrelated responses have important
mplications for ecosystem functioning, because reduced nutri-
ional quality of food may  have cascading effects reducing the
mount of energy available for growth and reproduction in higher
rophic levels. The effect of decreased food quality and hereby
nergy resources may  be further enhanced under natural condi-
ions, as the shredding macroinvertebrates in streams that are
mpacted by agricultural pesticides may  have increased energy
emands in order to cope with toxic stress. Our results are sup-
orted by Bundschuh et al. (2011) who showed that triazole
ungicides can reduce the overall microbial biomass, and Zubrod
t al. (2011) showed that reduced nutritional value of leaves result-
ng from exposure to an azole fungicide increased the food intake
y macroinvertebrate shredders but reduced their physiological
tness. Applying endpoints that are based on scope for growth
ssessments are important and highly ecologically relevant sup-
lements to studies on the activity of secondary producers, as

t provides useful information on the potential changes in inter-
pecies competition and selective forces that arise in consequence
f pesticide stress (Bundschuh et al., 2011; Zubrod et al., 2010,
011).

. Conclusions

In this study, we showed that a 3 h pulse exposure of envi-
onmentally realistic exposure concentrations and durations of
ropiconazole significantly reduced average rates of microbial leaf
ecomposition for the subsequent 26 days. Moreover, this reduc-
ion in leaf decomposition rates was associated with a reduction
n nutrient concentrations of the leaves reflecting reduced micro-
ial biomass. Exposing leaves to a 3 h pulse of alpha-cypermethrin
ignificantly reduced shredding activity of an assemblage of
acroinvertebrate shredders reflecting either direct toxic effects or

 repellent effect. Alpha-cypermethrin was found to act as antago-
ist on propiconazole in terms of microbial activity whereas we  did
ot find significant interactions between propiconazole and alpha-
ypermethrin on shredding activity or mortality. Lastly, we  found
hat macroinvertebrate shredding activity significantly increased
ith decreasing nutrient concentrations of leaves independent of

he pesticide treatments. This effect we believe is a compensatory
ehaviour to maintain basic physiological processes. The results
rom this study have important implications for understanding
he complexity of ecotoxicological effects of pesticides in the field

here some toxic compounds may  act on the habitat or food choice

f an organism and other compounds may  act on the organism
tself, which eventually may  increase the total ecotoxicological
ffect on the ecosystem structure and function.
ology 118– 119 (2012) 54– 61

In  general, there is increasing evidence suggesting that indirect
effects of chemical contaminants are more common than direct
effects (Rohr et al., 2006) which clearly emphasises the need for
exploring these effects at the field level in order to improve the risk
assessment procedures. There is, however, a scarcity of observa-
tional field studies where comprehensive exposure analyses have
been performed in order to link exposure to ecological effects
(Beketov and Liess, 2012). Three field studies exist in which com-
prehensive pesticide exposure analyses have been linked to organic
matter processing. Two of these studies congruently report pes-
ticide effects on rates of organic matter processing induced by
microorganisms, whereas the studies report conflicting results on
macroinvertebrate shredding rates (Rasmussen et al., 2012; Schäfer
et al., 2007, 2011a). Moreover, to our knowledge no field studies
have been conducted that specifically focus on the indirect effects
of pesticides on e.g. nutritional quality of organic matter. We  there-
fore suggest conducting observational field studies to confirm the
importance of indirect effects of pesticides on organic matter pro-
cessing and macroinvertebrate shredders that has been observed
in laboratory studies.
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