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Agricultural pesticides are known to significantly impact the composition of communities in stream ecosys-
tems. Moreover, agricultural streams are often characterised by loss of physical habitat diversity which may
impose additional stress resulting from suboptimal environmental conditions. We surveyed pesticide con-
tamination and rates of leaf litter decomposition in 14 1st and 2nd order Danish streams using litter bags
with coarse and fine mesh sizes. Two sites differing in physical habitat complexity were sampled in each
stream, and we used this approach to differentiate the effects of pesticides between sites with uniform (silt
and sand) and more heterogeneous physical properties.
Microbial litter decomposition was reduced by a factor two to four in agricultural streams compared to for-
ested streams, and we found that the rate of microbial litter decomposition responded most strongly to pes-
ticide toxicity for microorganisms and not to eutrophication. Moreover, the rate of microbial litter
decomposition was generally 50% lower at sites with uniform physical habitats dominated by soft substrate
compared to the sites with more heterogeneous physical habitats. The rate of macroinvertebrate shredding
activity was governed by the density of shredders, and the density of shredders was not correlated to pesti-
cide contamination mainly due to high abundances of the amphipod Gammarus pulex at all sites. Our study
provides the first field based results on the importance of multiple stressors and their potential to increase
the effect of agricultural pesticides on important ecosystem processes.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Stream ecosystems are impacted by numerous anthropogenic
stressors, and they remain some of the most impaired ecosystems on
earth in terms of species extinction rates (MEA, 2005). However, one
– yet unresolved question – is whether impacted ecosystems are able
to maintain their ecological functions (Dudgeon et al., 2006). This em-
phasises the importance of addressing and characterising relationships
between ecosystem function and anthropogenic stress.

Contamination of streams with pesticides applied in normal agri-
cultural production is widely acknowledged as one of the greatest an-
thropogenic stressors to stream ecosystems (Meybeck, 2003; Schulz,
2004). Agricultural pesticides are primarily transported to stream re-
cipients via runoff and flow through tile drains which highly coincide
with heavy precipitation events (Kronvang et al., 2002; Neumann
et al., 2002; Wauchope, 1978), and agricultural pesticides are pro-
posed to pose a threat to all living organisms in stream ecosystems
(Liess et al., 2005). Furthermore, streams draining agricultural land

are often characterised by loss of hydromorphological and habitat
heterogeneity due to dredging and channelisation, increased concen-
trations of macronutrients, and increased transport of suspended ma-
terial (Friberg et al., 2010; Pedersen, 2009). These effects may
additionally have profound effects on ecosystem structure and func-
tion (Pedersen and Friberg, 2009; Piscart et al., 2009; Rasmussen
et al., 2011a). In consequence, studies that investigate the combined
effects of pesticides and other agriculturally related stressors are im-
portant in order to sufficiently protect organisms that reside in multi-
stressor environments and to improve the environmental realism in
the risk assessment of agricultural streams.

In streams, fungi and bacteria are key organisms in the decompo-
sition and conversion of riparian plant litter into more palatable food
resources for macroinvertebrate shredders and collectors/gatherers
(Barlocher, 2005; Gessner et al., 2007). Aquatic fungi, mainly hypho-
mycetes, are dominant over bacteria during the earlier stages of leaf
litter decomposition — even though the relative contribution of the
two groups may change in severely impacted streams (Duarte et al.,
2008a). Increased concentrations of nitrate and phosphate in streams
due to loadings from agricultural diffuse sources have been shown to
increase fungal biomass and rates of leaf decomposition (Gulis et al.,
2006). However, several environmental parameters (e.g. water
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temperature) that are related to agricultural production probably act
in concert to increase decomposition rates of leaf litter (Friberg et al.,
2009a). Conversely, these effects might be counteracted by additional
side-effects of the agricultural practices, i.e. the presence of pesticides
and increased erosion and sediment transport (Young et al., 2008).
Microbial organisms are not considered in the risk assessment proce-
dure in spite of their important role in stream ecosystems. However,
recent studies by Maltby et al. (2009) and Dijksterhuis et al. (2011)
conclude that agricultural pesticides do pose a threat to aquatic
fungi and that effect concentrations might be below the minimum
allowed threshold concentrations for the standard test organisms.
Moreover, Schäfer et al. (2011a) documented effects of pesticides
on microbial leaf decomposition and fungal biomass in Australian
streams and the authors highlighted the necessity for further re-
search to sufficiently protect the microbial decomposing organisms.
However, the potentially increased effect of pesticides in the pres-
ence of the stress that is related to loss of physical habitat heteroge-
neity and quality (e.g. increased siltation, increased amplitude of
oxygen concentrations) on leaf decomposition has not been
studied.

Macroinvertebrate shredders constitute the other major group of
organisms that facilitate the conversion of leaf litter into secondary
production and fine particulate organic matter, and the density of
shredders in streams is tightly coupled to the temporal and spatial ac-
cumulation of coarse particulate organic matter (Graca, 2001). Fur-
thermore, the food preference of shredders is strongly controlled by
the nutritional quality of the food source, which is governed by the in-
ternal nutrient concentrations and the biomass of microbial organ-
isms (Graca, 2001). Microcosm studies have indicated that
shredding macroinvertebrates may reduce their consumption of litter
after the exposing of shredder assemblages (Rasmussen et al., 2008)
or leaves (Lauridsen et al., 2006) to pyrethroid insecticides. In addi-
tion, Schäfer et al. (2007) found that shredder induced leaf mass
loss in agricultural streams in one of the studied biogeoregions was
primarily explained by the fraction of species that are sensitive to pe-
riodic pesticide pollution (the SPEcies At Risk concept) reflecting that
several shredders in the studied streams in addition were charac-
terised as SPEAR (Liess and Von der Ohe, 2005). However, these find-
ings are contrasted by those of other authors reporting that shredder
densities and shredding activity did not respond to anthropogenic
stress related to agriculture (Hagen et al., 2006). Shredder densities
probably also respond strongly to physical habitat characteristics as
many species of e.g. Plecoptera and Trichoptera are shredders with
narrow habitat preferences for different types of substrate or vegeta-
tion (Dunbar et al., 2010). Thus reduced heterogeneity of physical
habitats may have the potential to indirectly reduce rates of litter de-
composition beyond the effect of pesticides alone.

We conducted field investigations in 14 streams that represented
a gradient in agricultural activity. Two sites with differing physical
complexity were sampled in each stream to differentiate the effects
of pesticides on microbial decomposition and macroinvertebrate
shredding activity between sites with high or low physical habitat
heterogeneity. More specifically we tested the hypotheses that
1) the rate of microbial litter decomposition decreases with increas-
ing pesticide toxicity to microbial leaf decomposers, 2) the rate of
microbial leaf decomposition is lower at sites that are characterised
by uniform physical conditions (due to side-effects of agriculture as
siltation and previous dredging activity) compared to sites with
more diverse physical conditions 3) shredding activity decreases
with increasing pesticide toxicity to macroinvertebrates (direct ef-
fects) and to microorganisms (indirect effects through decreasing
nutritional value of leaves — using microbial activity as a proxy for
microbial biomass and nutritional value), and 4) macroinvertebrate
shredding activity is further reduced at sites with homogeneous
physical conditions due to lower density of macroinvertebrate
shredders.

2. Materials and methods

2.1. Study area

The field campaign was conducted in the months April to August,
2009 in two catchments on the island of Funen (Denmark) that are
characterised by low elevation and loamy soils with medium to
low infiltration capacity. The climatic conditions are temperate
and yearly precipitation averages 700 mm. Agriculture is the domi-
nant land use (67 %) with small forest patches and urban areas em-
bedded in the landscape. The dominant defoliating tree is beech
(Fagus sylvatica). For further details on the study area, consult
Rasmussen et al. (2011b). In total, fourteen streams of 1st and 2nd
order were surveyed and catchment areas ranged from 18 to 73 ha
(Fig. 1).

The stream selection was based on a series of criteria: 1) year-
round water flow, 2) no dredging and weed cutting during the sam-
pling period, and 3) no sources of pollution other than from agricul-
ture. The streams represent a gradient of potential pesticide
contamination predicted from the proportion of adjacent agricultural
land (Rasmussen et al., 2011b).

Two stream reaches (50 m) were selected in each of the study
streams based on the physical properties of the reach (Fig. 2). The cri-
teria for selecting the stream reaches were: i) presence of an up-
stream reach characterised by low current velocity, low physical
diversity, low reaeration capacity; ii) a downstream reach charac-
terised by fast flow, high physical diversity, and high reaeration ca-
pacity; iii) that the distance between paired reaches should not
exceed 250 m. The consequent upstream positioning of the reaches
that were characterised by low physical diversity was supposed to
minimise the potential bias from accidental downstream drift of
macroinvertebrates that are strongly associated with habitat types
that are not present at the reaches with low physical diversity. For
convenience, reaches are referred to as sampling sites in the following
parts of the paper.

2.2. Physicochemical variables

Three litre water samples were collected at the downstream site of
each stream (n=14) in each of the months April, June and August for
general description of the water chemistry (Table 1). Stream specific
water chemistry is presented in Appendix A. The following parame-
ters were analysed according to European standards: BOD5 (DS/EN
1899 1999), ortho-phosphate (DS/EN 1189–1997) and ammonia-N
(DS 11732 2005). Nitrate-N was analysed using Lachat-methods
(Lachat Instruments, USA, Quickchem. no. 10-107-06-33-A (Salycate
method)). Chloride concentration was measured using silver nitrate
(AgNO3) (APHA, 1998). Concentrations of total N and total P were
measured (unfiltered samples) applying the Kjeldahl-N method
(Kjeldahl, 1883) and Danish standard (DS-291), respectively.

At each sampling site, twenty-five transects were established
with two meter intervals. In each transect, wetted width (W),
depth (D) and water velocity (at 0.6×depth — from the surface)
(U) were measured at four points corresponding to 25, 50, 75 and
100% of the wetted width using a flow-meter (Höntzsch μP-TAD).
Four rectangular plots were established between each pair of tran-
sects (2 m×25% of wetted width). In each plot, substrate type and
total macrophyte coverage were estimated. Submergent and emer-
gent macrophytes were identified to the lowest possible taxonomi-
cal level. Furthermore, proportional coverage was estimated for
each taxon. Stream water temperature, conductivity and oxygen
concentration were registered using a multi-meter (WTW multi-
350i) and pH was measured applying a (YSI-60) pH-meter
(Table 1). Sampling site specific physical characteristics are pre-
sented in Appendix B.
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2.3. Quantification of pesticide contamination

In total, 19 herbicides, 6 fungicides and 6 insecticides were includ-
ed in the sampling program. The selected list of pesticides repre-
sented the most frequently applied compounds in Danish
agriculture in 2008 supplemented by a series of banned pesticides
that are commonly found in groundwater. The methods used for

pesticide sampling and quantification have been published elsewhere
(Rasmussen et al., 2011b).

Pesticide contamination during heavy precipitation events (repre-
senting runoff and flow through tile-drains) was characterised using
event triggered water samplers during the months May and June

Fig. 1. Geographical distribution of the study streams.

Fig. 2. Schematic presentation of the paired sites representing uniform (upstream) and
diverse (downstream) physical habitats. Each sampling site represents a 50 m reach.
Current velocity is used as a surrogate measure for the spatial distribution of physical
habitat types as current velocity has a direct effect on substrate types, turbulence and
reaeration.

Table 1
Average, standard deviation, minimum and maximum values for physical and chemical
parameters measured in 14 Danish streams. Dashes indicate that values were below
detection limit.

Parameter Average Standard
deviation

Minimum Maximum

Agriculture in catchment (%)b 51.7 38.8 2.2 100
Minimum buffer strip width (m)b 7.9 7.8 1 25
Physical
Discharge (L s−1)a 3.8 3.7 – 13.1
Current velocity (m s−1)a 0.04 0.06 – 0.16
Shear stressa 5.9 2.9 – 11
Width (m)a 1.3 0.5 0.55 2.5
Depth (m)a 0.06 0.05 0.02 0.29
Boulder (%)a 9.1 9.2 0 33.5
Gravel (%)a 26.8 21.5 0 66.7
Sand (%)a 21.3 14.6 0 58.0
Silt (%)a 33.2 24.7 3.3 89.3
Debris (%)a 7.3 7.7 0.6 35.3
# Macrophyte speciesa 2.6 1.5 0 6
Total macrophyte coverage (%)a 17.8 15.2 0 67
Temperature (°C)a 13.3 1.7 10.9 16.7
Chemical
BOD5 (mg L−1)a 1.91 0.62 0.96 3.05
Oxygen concentration (mg L−1)a 8.25 1.04 5.94 10.21
Ammonia (mg L−1)a 0.07 0.06 0.01 0.19
Nitrate (mg L−1)a 2.27 1.57 0.59 6.66
Total N (mg L−1)a 2.9 1.61 1.19 7.48
Ortho-phosphate (mg L−1)a 0.07 0.04 0.02 0.14
Total P (mg L−1)a 0.13 0.05 0.06 0.24
Chloride (mg L−1)a 30.73 4.53 22.58 38.68
Sulphate (mg L−1)a 49.77 19.93 28.63 75.25
Suspended matter (mg L−1)a 9.63 4.40 3.80 19.57

a Parameter measured on a reach level (n=28).
b Parameter measured on a stream level (n=14).
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(Liess and Von der Ohe, 2005). Event triggered samplers were
deployed just downstream of the downstream sampling site. Thus,
sample represents both sampling sites as it was assumed that the pes-
ticide contamination was not significantly different between sites.
The sampling system consisted of two 1 L glass bottles that were
deployed in the flowing part of the stream channel. Bottles were filled
passively through small (0.5 cm in diameter) glass tubes when the
water level increased above the glass tube opening. The two bottles
were positioned 5 cm and 10 cm above base flow water level, respec-
tively. During the sampling period, two precipitation episodes triggered
the sampling system of which the last was the only episode triggering
the samplers in all streams. In addition, we collected water samples
(1 L) in August during low flow conditions to characterise pesticide
input that originated from groundwater inflow. However, these results
are disregarded in this paper since the groundwater input of pesticides
was characterised by only few herbicide compounds in low concentra-
tions. See also Rasmussen et al. (2011b) for further details.

Retrieved samples were all sent to the OMEGAM laboratories in
Amsterdam for pesticide analyses (including sample filtering and
solid phase extraction). The final extract of each sample was pro-
cessed using gas-chromatography mass-spectrometry (GC–MS) or
liquid-chromatography mass-spectrometry (LC–MS). Results were
corrected for recovery, which was determined by Omegam laborato-
ries. For further details consult Rasmussen et al. (2011b).

2.4. Macroinvertebrates

Macroinvertebrates were sampled in April, June and August, 2009
using randomised surber sampling (each sample covering 200 cm2).
Five surber samples were collected from each sampling site (n=28)
in each sampling month and samples were preserved in 70% ethanol
in the field. All macroinvertebrates were counted and identified to
genus or species level, except Chironomidae (sub-family), Simuliidae
(family) and Oligochaeta (order) (Appendix C). Feeding functional
groups were assigned to each taxon according to Tachet et al.
(2002), and the density of shredders was calculated. In addition, the
abundance of SPEcies At Risk for being impacted by periodic pesticide
contamination (%SPEAR abundance) was computed for each site and
sampling using the freely available online SPEAR calculator (http://
www.systemecology.eu/SPEAR/index.php) (Appendix C).

2.5. Leaf decomposition

Newly fallen beech leaves (F. sylvatica) were used for studying leaf
decomposition. The leaves were retrieved from the forest floor in Velling
forest, Denmark in the autumn of 2008. The forest catchment is entirely
characterised by old beech forest, and collected leaves were not sup-
posed to be exposed to significant environmental pollutants prior to
the study. The collected leaves were air-dried in a climate chamber at
15 °C and subsequently stored at 4 °C.

OnMay 1st wemounted 15 leaf bags with finemesh size (500 μm)
and 15 leaf bags with coarse mesh size (9 mm) to the stream bed at
each sampling site. Riffle sections were preferred when possible to
minimise siltation and because litter material primarily accumulates
at these sites. However, none of the sites that were characterised by
uniform physical conditions contained distinct riffle sections, and
the leaf bags were deployed on the hardest substrate that was avail-
able at the sampling site. Leaf bags with fine mesh size contained
0.38±0.02 g DW, and leaf bags with coarse mesh size contained
0.75±0.02 g DW. Only unbroken leaves were used. However, the
petiole was removed from all leaves to increase the signal of biologi-
cal decomposition processes. Three leaf bags with fine and coarse
mesh size, respectively, were sampled after 14, 21, 35, 49 and
80 days. Sediment material and macroinvertebrates were removed
in the laboratory by gently rinsing the leaf packs in demineralised
water in white trays and subsequently the leaves were dried at

60 °C to constant mass (48–72 h). The dry weight of the remaining
leaf material in each leaf bag was measured (three decimals accuracy)
using a Mettler Toledo XP-204. Leaf pack weight loss reflects microbi-
al activity and leaching (fine mesh bags) whereas the weight loss in
coarse mesh bags additionally reflects shredding activity and
abrasion.

2.6. Data analysis

The remaining dry mass of beech leaves was fit to the exponential
decay model mt=m0∗e−kt 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 physical leaching of soluble compounds may ac-
count for 4 to 42% of the total leaf biomass, and this mass loss will
be effectuated within 2 to 7 days after leaf submergence (Abelho,
2001). In consequence, we used the leaf bags that were retrieved
after 14 days as initial dry mass to minimise the noise from physical
compound leaching. Shredder decomposition rates (kshredders
day−1) (coarse meshed bags) were corrected for microbial decompo-
sition (kmicrobial day−1).

The toxicity of the measured pesticide concentrations for macroin-
vertebrates and microbial organisms was quantified using Toxic Units
(TU)

log TU ¼ logðCi=EC50iÞ ð1Þ

where Ci is the concentration of the compound i and EC50i is themedian
acute effect concentration of a standard test species. Daphnia magna
was selected as standard test species for macroinvertebrates. Since
there is no standard test species available for microorganisms, we
used species of aquatic hyphomycetes when available and Selenastrum
capricornutum for the remaining compounds as surrogate microorgan-
isms to estimate the potential toxic effect on microbial leaf decom-
posers (log TUmicrobial) (Schäfer et al., in press). The summed and the
log maximum TU were calculated for all samples for both D. magna
and microorganisms. We only report log maximum TUs (log mTU) as
the log sum TUs and log mTUs were highly intercorrelated for
D. magna and microorganisms (r>0.85, Pb0.001). Furthermore, apply-
ing the log sum TUs did not significantly improve relationships with bi-
otic endpoints compared to the log mTUs which are consistent with
previous findings (Schäfer et al., 2007; Schäfer et al., in press).

In order to identify if the experimental set-up was successful in
separating the two agriculturally related stressors of pesticide con-
tamination and loss of physical habitat heterogeneity, a Principal
Component Analysis (PCA) of all physical and chemical variables
was performed using PC-ORD 4.25. Four groups were identified in
the PCA, and the groups were identified as significantly different
using the site scores in a one-way analysis of variance.

We tested for differences between average kmicrobial and kshredders
for each of the four groups of sampling sites that were identified
with the PCA using a two-way analysis of variance. We used Pearson's
correlation analyses to evaluate the effect of all measured environ-
mental parameters and shredder metrics on site specific kmicrobial

and kshredders in SAS Enterprise Guide 4.2. Analysis of covariance was
used to identify potential differences in slopes and intercepts of the
regression lines that characterised log mTU (for microorganisms
and D. magna) as a function of k (for microorganisms and shredders,
respectively). In addition to the kshredders we applied kshredders that
was normalised according to the population density of shredders to
evaluate if there was an effect at the level of individuals. Analyses of
covariance were conducted in Sigma-Plot 11.0.

The potential indirect effect of agricultural pesticides on shredding
activity (through a reduction in nutritional value of the litter) was
tested using a Spearman Rank correlation analysis on the relation be-
tween kmicrobial and kshredders. Moreover, we tested if the relative pro-
portion of agriculture in the catchment had an effect on the ratio
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(kmicrobial/kshredders) using Spearman Rank correlation. All correlation
analyses were performed in SAS Enterprise Guide 4.2.

3. Results

3.1. Pesticides and TU

In total 13 herbicides, 5 fungicides and 2 insecticides were detected
in the streamwater samples (Table 2). Sumconcentrations ranged from
0.01 to 3.17 μg L−1, and the number of detected pesticides per water
sample ranged from 1 to 13. The log mTUD.magna ranged from −6.63
to−1.72, and logmTUmicrobial ranged from−4.03 to−0.63. The carba-
mate insecticide pirimicarb was clearly the most important contributor
to high values of log mTUD.magna followed by the strubilurine fungicide
azoxystrobin. The fungicides dimethomorph (morpholine) and propi-
conazole (triazole) and the dinitroaniline herbicide pendimethalin
were the most important compounds governing high values of log
mTUmicrobial.

3.2. Physico-chemical parameters

Several environmental parameters were significantly intercorre-
lated (P|>0.05), and in these cases we selected the environmental
parameter that wasmost strongly correlated to kmicrobial and kshredders.
We used log mTUmicrobial as measure for pesticide contamination, be-
cause this parameter was clearly more strongly correlated with envi-
ronmental parameters than mTUD.magna and we pooled the different
types of hard substrate (gravel and boulder) in one category to in-
crease overall trends. The Principal Component Analysis (PCA) of
physical and chemical variables was conducted using a strep-wise
forward selection excluding insignificant environmental parameters.
The final PCA was conducted using the proportion of silt, chloride
concentration, log mTUmicrobial, discharge, the proportion of debris,
discharge and BOD5 as environmental parameters. Axis 1, explaining
50.5% of the variation in the data set, separated the sites with forested
catchments (>50% forest) from those with agricultural catchments

(>50% agriculture). Axis 2, additionally explaining 28.5% of the vari-
ation in the data set, separated the upstream sites with uniform phys-
ical conditions from the downstream sites with more diverse physical
conditions. Positive values on axis 2 are characterised by higher pro-
portions of boulder and gravel whereas negative values are charac-
terised by higher proportions of silt. The PCA separated the
sampling sites into four significantly different groups according to
land-use characteristics and physical habitat properties (Pb0.05)
(Fig. 3).

3.3. Leaf decomposition

Regression coefficients for the fitted exponential decay functions
averaged 0.71±0.22 and 0.54±0.21 for leaf bags with fine and
coarse mesh sizes, respectively (data not shown). Relative weight
loss ranged from 46 to 100% in leaf bags with coarse mesh size and
from 0 to 52% in leaf bags with fine mesh size.

The average rate of microbial leaf decomposition (kmicrobial) was sig-
nificantly different amongst the site groups that were identified using
PCA on environmental variables (Fig. 4) (Pb0.05). The average kmicrobial

for forested sites was significantly higher than the average kmicrobial for
agricultural sites (Pb0.001) and the average kmicrobial for forested sites
with diverse physical conditions (kmicrobial=0.0084 day−1, n=5) was
significantly higher than the average kmicrobial for forested sites with
uniform physical conditions (kmicrobial=0.0047 day−1, n=5)
(Pb0.05). However, the average kmicrobial for agricultural sites with di-
verse physical conditions (kmicrobial=0.0026 day−1, n=9)was not sig-
nificantly different from the average kmicrobial for agricultural sites with
uniform physical conditions (kmicrobial=0.0016 day−1, n=9,
P=0.061). The average rate of shredder decomposition (kshredders) for
the respective stream sites was not significantly different amongst the
site groups that were identified using PCA on environmental variables
(P>0.05, Appendix D). Normalising the average rate of shredder de-
composition to the level of individuals did not provide significantly dif-
ferent results (data not shown).

We found that the most important environmental parameter
governing the kmicrobial was log mTUmicrobial (r=−0.72, Pb0.001)
followed by the log mTUD.magna (r=−0.63, Pb0.001), the relative pro-
portion of agriculture in the catchment (r=−0.58, Pb0.001) and the
logarithm to the total concentrations of pesticides (r=0.56,
P=0.025) (Appendix E). On average, the concentrations of ammonia–
N and nitrate-N were two times higher in agricultural streamswhereas
there were no significant differences in concentrations of ortho-
phosphate. However, no macro- or micronutrient concentrations were
significantly correlated with rates of microbial or shredder decomposi-
tion. Subdividing the sites according to their physical properties further
increased the correlation coefficient for the regression between kmicrobial

Table 2
Detected pesticide compounds in stream water of 14 Danish streams. Three samples
were collected from each stream of which two were samples with event-triggered
samplers during May and June and one was sampled manually during base-flow in
August.

Compound Max
concentration
(ug/L)

Detection
frequency
(%)

Maximum
TUD.magna

a
Maximum
TUmicrobial

Aclinofen (H) 0.14 7 −3.93 −1.54c

Atrazine (H) 0.02 7 −6.63 −3.81c

Desethylterbutylazine (H) 0.11 100 −4.65 −2.99c

Diflufenican (H) 0.15 29 −3.20 −2.08c

Hexazinone (H) 0.06 7 −6.15 −2.4c

Metachlor (H) 0.05 57 −5.82 −2.2c

Metamitron (H) 0.12 7 −4.68 −2.52c

Pendimethaline (H) 0.97 14 −2.46 −0.92c

Propyzamide (H) 0.43 21 −4.11 −3.23c

Prosulfocarb (H) 0.07 21 −3.86 −3.21c

Simazine (H) 0.03 7 −4.56 −3.12c

Terbutylazine (H) 0.6 57 −4.55 −2.26c

Azoxystrobin (F) 0.51 43 −2.77 −1.92b

Boscalid (F) 0.72 36 −3.87 −2.82c

2,4 Dichlorophenoxyacetic
acid (H)

0.05 7 −6.18 −3.71c

Dimethomorph (F) 0.08 14 −5.12 −0.63b

Propiconazole (F) 0.27 43 −4.58 −0.88c

Tebuconazole (F) 0.24 50 −4.24 −2.99b

Dimethoate (I) 0.18 14 −4.05 −6.11c

Pirimicarb (I) 0.32 21 −1.72 −5.64c

a Based on the LC50 derived from 48 h acute toxicity tests.
b Based on species of aquatic hyphomycetes.
c Based on Selenastrum capricornosum.
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and log mTUmicrobial (r=−0.76, Pb0.001 and r=−0.71, Pb0.005, for
sites with diverse and uniform physical conditions, respectively)
(Fig. 5). There was no significant difference between the slopes of the
regression lines (P>0.05) representing kmicrobial as a function of log
mTUmicrobial, but the intercepts were significantly different (Pb0.05)
(Fig. 5).

The rate of leaf decomposition in the leaf bags with shredders
(kshredders) was significantly correlated to the site-based individual
density of shredders and the proportional coverage of silt (Table 3).
However, shredder densities for April, June and August were not corre-
lated with the proportional coverage of silt (r=0.15, P>0.05, n=28).
The log mTUD.magna was not significantly correlated with kshredders
(P>0.05, Appendix E, F). Normalising rates of shredder decomposition
to the level of individuals did not provide significant correlations to pes-
ticide parameters. Similarly, subdividing the sites according to their
physical properties and/or land-use characteristics did not provide sig-
nificant correlations with pesticide parameters (data not shown). The
freshwater amphipod Gammarus pulexwas clearly the dominating spe-
cies of shredding macroinvertebrates in terms of individual density on
average accounting formore than 75%of the total shredder density (Ap-
pendix C).

The ratio between kmicrobial and kshredders decreased with increased
agricultural activity in the catchment (r=0.72, Pb0.001) (Fig. 6). The
ratio between kmicrobial and kshredders additionally decreased

significantly with increasing log mTUD.magna (r=0.61, Pb0.01) and
log mTUmicrobial (r=0.45, Pb0.05) (data not shown).

4. Discussion

4.1. Impacts of pesticides on microbial leaf decomposition

The rate of microbial decomposition of beech leaves (F. sylvatica)
was two to four times higher at forested sites compared to agricultural
sites, and the most important environmental parameter that governed
the variation in rates of microbial decomposition was pesticide toxicity
for microorganisms (log mTUmicrobial) followed by pesticide toxicity for
macroinvertebrates (log mTUD.magna) and the proportion of agriculture
in the catchment. The microbial decomposition of leaf litter in agricul-
tural streams has been investigated in several studies (Gessner and
Chauvet, 1994; Hagen et al., 2006; Magbanua et al., 2010; Piscart
et al., 2009). However, only two of these quantified the pesticide expo-
sure (Schäfer et al., 2011, 2007) reporting a 2.5–4 fold reduction in leaf
decomposition at agricultural sites compared to forested sites which is
very comparable to our results. In contrast, the increasing eutrophica-
tion that is associated with agricultural production has been shown to
increase microbial diversity, biomass and rates of decomposition
(Hagen et al., 2006; Magbanua et al., 2010; Pascoal et al., 2003). Our re-
sults therefore accentuate that pesticides have an important impact on
the microbial communities clearly over-ruling the well-documented
and stimulating effects of eutrophication, and our results are supported
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Table 3
Shredder densities for 14 paired stream sites that differ with respect to diversity of the
physical habitats (±SE). Shredder densities are based on 5 surber samples collected
from each site in the months April, June and August, 2009. Furthermore, the Pearson
r is presented for the correlations between the rate of leaf decomposition ascribed to
shredders (kshredders) and shredder densities for all sites in each of the sampling
months. Asterisks indicate the level of significance.

All sites Sites with
uniform
physical
conditions

Sites with
diverse
physical
conditions

Pearson r for
kshredders
(all sites)

Shredder density (April)
(ind. m−2)

2794±402 2918±571 2669±598 0.47⁎

Shredder density (June)
(ind. m−2)

5693±1429 7071±2696 4313±960 0.52⁎⁎

Shredder density
(August) (ind. m−2)

4515±694 4413±1150 4616±827 0.52⁎⁎

Average shredder
density (ind. m−2)

4226±716 4696±1335 3756±559 0.61⁎⁎

⁎ Pb0.05.
⁎⁎ Pb0.01
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Fig. 6. The ratio between rates of microbial leaf decomposition (kmicrobial) and shredder
based leaf decomposition (kshredders) as a function of the proportion of agriculture in
the catchment. The data represents14 paired sites differing in the diversity of physical
conditions.
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by a recent study by Schäfer et al. (2011a). Estimating pesticide toxicity
to microbial decomposers is still somewhat ambiguous as none of the
microbial decomposers are included as standard test organisms in the
risk assessment program and thus there is only very limited toxicity
data available (Dijksterhuis et al., 2011). Since the microbial decompo-
sition is dominated by aquatic fungi (Duarte et al., 2008a, 2008b), the
supplementation of toxicity data for aquatic fungi is highly important
to assess the risk of pesticide impacts on this ecosystem process.

4.2. Physical habitat properties influence the effect of pesticides onmicrobial
leaf decomposition

The response of microbial decomposition to increasing pesticide
stress (slopes of regression lines) was similar for the two groups of
sites differing in physical habitat characteristics, but the rate of microbial
leaf decomposition was consistently approximately 50% lower at sites
with degraded and uniform physical properties compared to sites with
more undisturbed and heterogeneous physical properties. Sites with de-
graded and uniform physical conditions were characterised by low cur-
rent velocity and high proportions of sand and silt which probably
reflect higher rates of sedimentation. Rates of microbial decomposition
may decrease as a direct consequence to sedimentation, because themi-
croorganisms become curtailed in their ability to use external nutrient
sources and oxygen (Barlocher, 2005; Imberger et al., 2010; Medeiros
et al., 2009). The effects of reduced oxygen availability are probably fur-
ther promoted by increased thickness of the boundary layer surrounding
the leaf litter (Friberg et al., 2009b).

4.3. Macroinvertebrate shredding activity

Rates of leaf decomposition in leaf bags with macroinvertebrates
were primarily correlated to the density of shredding macroinverte-
brates. Surprisingly however, the density of shredding macroinverte-
brates did not change significantly along the gradient of agricultural
intensity in the catchment and, moreover there were no significant
differences in shredder densities between sites of differing physical
properties. This was mainly due to very high abundances of the fresh-
water amphipod, G. pulex that is generally the dominating taxon in
Funen streams (Wiberg-Larsen et al., 1997). This species is very sen-
sitive to insecticide contamination and has been shown to respond to
short pulses of pyrethroids down to 10 ng L−1 (corresponding to
TUD.magna=−1.6) in micro- and mesocosms (Nørum et al., 2010;
Rasmussen et al., 2008). However, G. pulex also has a relatively
high migration and reproduction potential (Liess and Von der Ohe,
2005), which are ecological traits that may compensate for the high
sensitivity to pesticides. On the level of populations this species may
therefore be rather insensitive to recurring pesticide exposure (Liess
and Von der Ohe, 2005). Furthermore, G. pulex is an omnivorous spe-
cies reflecting its additional ability to act as a predator and even as a
grazer (Marchant, 1981; Tachet et al., 2002). The combination of di-
verse food preferences and ecological traits entails that G. pulex has
some important competitive advantages in frequently disturbed agri-
cultural streams making it an essential organism for the processing of
organic matter in streams in Denmark. However, since pulse exposure
of insecticides has been shown to change the size structure of D.
magna through several generations (Liess and Foit, 2010; Liess et al.,
2006), similar effects are likely to occur for populations of gammarids
in the field. Applying shredder biomass as supplement to shredder
density would have provided useful information on the size structure
of the populations of gammarids in this study.

Normalising shredder decomposition to the level of individuals
did not provide significant correlations with pesticide parameters
suggesting that indirect effects in terms of reduced feeding rates
were not detectable. These findings are contrasted by results from
studies using simpler set-ups showing clear indirect effects of insecti-
cides on Gammaridae feeding rates induced by directly exposing

macroinvertebrates (Rasmussen et al., 2008) or exposing food items
(Bundschuh et al., 2011). However, our study may underestimate the in-
direct effects of pesticides on shreddingmacroinvertebrates since leaf lit-
ter was not very abundant in the agricultural streams. Thus, submerged
leaves could be subject to amassive feeding pressure if present gammar-
ids preferred the submerged litter over their normal food sources.

Numerous field studies have been conducted investigating relation-
ships between shredding activity and various sources of anthropogenic
stress, but in terms of conventional agriculture the results are contrasting.
A series of studies report that macroinvertebrate shredding activity was
primarily explained by the density of shredders (Ferreira et al., 2006;
Gessner and Chauvet, 2002; Hagen et al., 2006)whereas other studies re-
port that rates of macroinvertebrate induced leaf decomposition congru-
ently responded to the intensity of anthropogenic stress (Pascoal et al.,
2003; Young and Collier, 2009). Piscart et al. (2009) reported thatmacro-
invertebrate induced leaf decomposition increasedwith increasing densi-
ty of Gammaridae and decreased with increasing agriculture in the
catchment. Possibly, the density of Gammaridae decreased in response
to high pesticide concentrations, but unfortunately pesticide concentra-
tions were not measured. In contrast, Schäfer et al. (Schäfer et al., 2007)
found that shredding activity was significantly correlated to the relative
abundance of SPEcies At Risk (indicating direct effects of pesticides on
macroinvertebrates) in French streams inwhichGammaridae additional-
ly occurred in high densities. However, the French streams represented a
larger gradient of toxic pesticide pressure with measured mTUD.magna up
to −0.5, which might have suppressed the ecological function of Gam-
maridae in contaminated streams (Rasmussen et al., 2008).

4.4. Macroinvertebrate decomposers and nutritional food quality of leaves

The relationship between rates of microbial and shredder leaf de-
composition decreased with increasing proportions of agriculture in
the catchment. However, the change was primarily facilitated by re-
duced microbial decomposition at agricultural sites as shredding ac-
tivity was not significantly different amongst sites. Applying rates of
microbial decomposition as a proxy for microbial biomass
(Barlocher, 2005) our results indicate that the reduced palatability
and nutritional value of leaves that is a consequence of reduced mi-
crobial biomass and activity had no effect on the total shredder
based leaf mass loss. In existing literature it is consistently reported
that shredding macroinvertebrates selectively choose highly palat-
able leaves with high nutritional value (Abelho, 2001; Graca, 2001).
Shredding activity has been shown to decrease when either leaves
(Bundschuh et al., 2011; Lauridsen et al., 2006) or macroinvertebrates
(Rasmussen et al., 2008) are exposed to insecticides or fungicides.
However, applied exposure concentrations in the studies of
Bundschuh et al. (2011) and Lauridsen et al. (2006) were above envi-
ronmental realistic concentrations and are not necessarily represen-
tative for actual field scenarios. We therefore suggest that more
controlled studies using environmentally realistic exposure concen-
trations and durations are needed to provide the mechanistic knowl-
edge about howmicrobial communities are affected and whether this
change has potential to affect macroinvertebrate shredders.

5. Conclusions

We showed that diffuse source agricultural pesticides significantly
reduced the rate of microbial leaf decomposition in agricultural
streams and that pesticide toxicity for aquatic microorganisms was
the primary reason for this. Based on our results we therefore propose
that it is essential to consider freshwater microorganisms in risk as-
sessment and that there is an urgent need for generating relevant
toxicity data for the organisms that are at risk in the field.

An important result for the management of streams was that the
quality and heterogeneity of physical habitats influence the actual effect
of pesticides on microbial leaf processing emphasising the importance
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of considering the physical conditions of streams in risk assessment and
mitigation.

Despite some evidence from single-organism and assemblage based
micro- and mesocosm studies showing that pesticide exposure can
cause indirect effects in terms of reduced feeding rates formacroinverte-
brates, our results confirm that such effects are difficult to identify in
complex and natural ecosystems as a result of functional redundancy
and local variation in shredder abundances. However, we suggest apply-
ing other and probably more sensitive endpoints like size structure and
total biomass of shredder populations to evaluate the potential effects
of pesticides on shredding macroinvertebrates in the field.

Supplementary data related to this article can be found online at
doi:10.1016/j.scitotenv.2011.11.057.
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