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Abstract 

Background:  In mesocosms, the fate and effects of chemicals can be investigated under more realistic conditions 
than in laboratory-scale experiments and most mesocosm studies for higher-tier risk assessment are conducted in 
lentic test systems. However, particularly for the assessment of EPT taxa (Ephemeroptera, Plecoptera, Trichoptera) and 
gammarids (Amphipoda), which are considered to be ecologically vulnerable macroinvertebrates, lotic systems seem 
to be more appropriate. Within this pilot study, eight newly constructed stream mesocosms were tested for their 
suitability in the effect assessment of plant protection products (PPP). By using the insecticide carbaryl as an example 
test item, five concentrations without replicates were tested under a worst case exposure scenario and three stream 
mesocosms served as controls.

Results:  15 out of the 51 invertebrate taxa found during the study belonged to EPT taxa, while the common lotic 
amphipod Gammarus sp. (G. pulex and G. roesili) was the most dominant taxa. Estimation of minimum detectable dif‑
ferences based on mean abundances and variance of taxa in the eight mesocosms before application indicate that for 
five arthropoda taxa and two non-arthropoda taxa, an analysis of effects would have probably would have been pos‑
sible in a typical test design for a higher-tier study with more test units. Five of these taxa were typical stream taxa, i.e. 
mayflies, caddisflies and gammarids. With respect to the effects of carbaryl, multivariate analysis (principal response 
curve) indicates long-term effects on the macroinvertebrates community over several weeks for the highest carbaryl 
concentration (120 µg a.i./L). Potential effects were observed for the amphipod Gammarus sp., the mayfly Ephemera 
danica and the caddisfly family Limnephilidae.

Conclusions:  Through this study it was shown that the stream mesocosms provided suitable habitats for potential 
sensitive and vulnerable taxa, including those typical for lotic systems. To enable a reliable statistical analysis of the 
effects within the higher-tier ecological risk assessment, the number of stream mesocosms needs to be enhanced. In 
addition, colonisation and sampling should be improved to increase the number of taxa with sufficiently high abun‑
dances for evaluation.
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Background
To assess the risk of plant protection products (PPPs) to 
aquatic non-target organisms, standard single-species 
tests with, for example, algae, Daphnia sp. and fish are 
required as the basis of tiered risk assessments [1, 2]. If 
such laboratory tests indicate a risk, semi-field studies 
with mesocosms are considered to be a useful higher-
tier tool to investigate the fate and effects of chemicals 
under more realistic conditions [3]. According to the 
aquatic guidance document on PPPs for aquatic organ-
isms in edge-of-field surface waters [3], such semi-field 
studies in artificial ponds, ditches or streams can be used 
to refine the ecological risk assessments (ERA) on the 
basis of the ecological threshold option (ETO) and, in 
contrast to laboratory single-species tests, the ecologi-
cal recovery option (ERO). With respect to ERO, studies 
must allow the assessment of effects on and recovery of 
vulnerable taxa, i.e. sensitive and potentially exposed taxa 
with a low potential of recovery [4]. Aquatic arthropods 
with long generation times and of low dispersal ability 
such as Ephemeroptera, Plecoptera, Trichoptera (EPT) 
taxa and gammarids (Amphipoda) are considered to be 
highly vulnerable to some chemical stressors, especially 
insecticides [4–7]. However, those taxa are more com-
mon in lotic than in lentic surface waters [8, 9], while the 
majority of mesocosm studies have been conducted in 
lentic systems with species more representative of pond 
or ditch communities [3]. Therefore, lotic test systems are 
required when taxa preferring running waters are con-
sidered to be at risk [10, 11]. In this case, eight identical 
stainless steel, outdoor stream mesocosms with a flow 
length of 10 m and a maximum water volume of 2500 L 
were constructed and colonised with invertebrate sam-
pled in streams close by. Circular flow of water was gen-
erated with stainless steel paddle wheels.

The insecticide carbaryl (1-naphthyl-N-methylcarba-
mate) was used as an example test item. This carbamate 
insecticide is a neurotoxic cholinesterase inhibitor with 
a short half-life in surface waters and is known to be 
toxic to aquatic insects and crustaceans [12, 13]. Since 
2007, the use of carbaryl has not been allowed in the 
European Union [14], while it is widely used in the USA 
[15]. Although several laboratory and semi-field stud-
ies for assessing the ecotoxicity of carbaryl to aquatic 
organisms exist [15–19], only two were conducted in 
running water systems to assess the risk to stream mac-
roinvertebrate taxa [20, 21]. Laboratory studies showed 
that insects from fast-flow habitats seem to have a par-
ticularly high sensitivity to carbaryl exposure (96 h-LC50: 
1.7–17  µg/L; stoneflies and heptageniid mayflies, seven 
species) [13]. Other reported 96 h-LC50 values from labo-
ratory bioassays range from 11.1 to 61 µg/L for mayflies, 
stoneflies and caddisflies [22], with a value of 31 µg/L for 

Gammarus fossarum [23]. Therefore, carbaryl was con-
sidered a suitable test item for the pilot study.

The main aim of this pilot study was to test if the artifi-
cial streams constructed can be used for higher-tier effect 
assessment of chemicals. In particular, the following 
questions should be answered:

1.	 Can populations of potentially sensitive and vulner-
able species, characteristic for streams in agricultural 
landscapes, be established in the test systems?

2.	 How many and which species can be expected to be 
sufficiently abundant for effect evaluation?

3.	 Is there a need to modify the test systems and/or the 
sampling techniques?

4.	 Considering the limited number of test systems for 
this pilot study, does the study provide data which are 
consistent with the existing data on carbaryl?

Methods
Test systems
The study was performed at the test site of the Meso-
cosm GmbH in Homberg/Ohm (Hessen, Germany, 
50°45′9.9″N, 9°1′51.2″E) in eight stainless stream meso-
cosms with a flow length of 10 m in a recirculating sys-
tem. Two guide plates, a flow conditioner, a middle wall 
and a paddle wheel were installed for assessing reproduc-
ible streaming profiles (Fig.  1). The paddle wheels of all 
eight stream mesocosms were driven by the same single 
electric motor to ensure the same average flow velocity of 
0.11 m/s per stream mesocosm. This flow velocity is com-
parable to the current velocity of small lowland streams 
in an agricultural landscape (arithmetic mean of selected 
streams 0.16  m/s; [24]). Eight weeks before the start of 
the application of the test item, the stream mesocosms 
were filled with 63 µm sieved pond water, from a natural 
pond close to the test site, and tap water in a ratio of 2:1 
up to a level of 30 cm, which resulted in a water volume 
of ca. 1300  L. Each stream mesocosm was assembled 
with four baskets (6  L each) with macrophytes planted 
in sediment and sand. Two of these contained the sub-
merged plant Myriophyllum spicatum and two contained 
the emergent macrophyte Glyceria maxima. Inverte-
brates were sampled in two nearby streams (Gleenbach, 
50°46′32.0″N, 9°03′20.0″E and Pferdsbach, 50°41′50.7″N, 
8°59′58.6″E) by exposing baskets (3 L) filled with stones 
and leaves of the willow (Salix sp.) for a period of 4 weeks 
in the water bodies (stream biota trap A; Fig.  1). After 
this colonisation period, the baskets were taken out of 
the streams and ten baskets from each stream were trans-
ferred directly into each mesocosm. Additionally, two 
baskets (3  L volume) per stream mesocosm were filled 
with basalt stones and the macrophyte Ceratophyllum 
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demersum (stream biota trap B; Fig. 1) to provide addi-
tional habitat. Zooplankton organisms were not actively 
transferred to the stream mesocosms, but they may have 
been introduced via the sieved pond water or the mac-
rophytes. However, the zooplankton community was 
not investigated within this study, since the focus was on 
the macroinvertebrates typical of lotic systems. To avoid 
excessive water temperature and evaporation, a tent for 
shading was installed four times during the study (5, 9, 5, 
respectively 6 days depending on the weather conditions, 
see Additional file 1).

Test item and application
The test substance carbaryl (CAS No. 63-25-2, Sigma 
Aldrich) had a purity of 99.9%. Because of low solubil-
ity in water (9.1  mg/L at 20  °C [25]), the stock solution 
of 240 mg active ingredient (a.i.) in 10 L deionized water 
was prepared with 5 mL acetone as a solvent and 10 µL 
acetic acid for hydrolytic stability. Five carbaryl con-
centrations (1.2; 3.6; 12; 36; 120 µg a.i. carbaryl/L) were 
tested with one replicate per treatment level. This con-
centration range was chosen, because it includes the car-
baryl EC50/LC50-values of many species of EPT taxa [13]. 
Three stream mesocosms served as untreated controls. 
All treatment levels for the eight stream mesocosms were 
randomised. Carbaryl was applied once, on 6 August 
2015 (day 0) from 11:24 a.m. to 1:30 p.m. The application 
solution was directly introduced into the water by using 

funnels, starting with the stream mesocosm with the 
lowest treatment level and proceeding to the higher lev-
els. Controls were treated with the solvent to ensure the 
same concentration of acetone in all streams.

Samplings
Carbaryl concentrations were measured in samples of the 
application solutions and of the stream mesocosm water 
taken 1, 3, 24, 48, 120 and 144  h after application. At 
least 2 weeks before the application of carbaryl until the 
end of the study, 8 weeks after application, the following 
parameters were measured or sampled weekly: macroin-
vertebrate abundances, emergence of insects, chlorophyll 
a of periphyton. Drift of invertebrates was monitored 4, 8 
and 24 h after application. Furthermore, physicochemical 
water parameters such as temperature, pH, oxygen con-
centration and conductivity were sampled weekly, while 
phosphate, nitrate, ammonium and water hardness were 
sampled three times during the study (day 9, 29, 55).

Measurements
Carbaryl
To confirm the intended dosing of the stream meso-
cosms and to describe the time course of exposure of 
the organisms, depth-integrated  water samples were 
collected with a stainless steel pipe at three defined 
locations per stream mesocosm and pooled. The three 
samples of the untreated controls were pooled for 

Fig. 1  Experimental setup of one stream mesocosm with different sampling end points
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analysis. Two subsamples of 10  mL were taken from 
each pooled sample for the treated stream mesocosm 
and the control mesocosms. 10  µL formic acid (98–
100%) was added to the subsamples to stabilise them. 
Subsamples were stored at < − 18  °C for a batch-wise 
analysis in the analytical laboratory. After thawing, 
the samples were centrifuged at 4000  rpm for 10  min, 
diluted 1:1 with high-performance liquid chromatog-
raphy (HPLC)-grade methanol (v/v) and directly meas-
ured using a Waters Acquity ultra performance liquid 
chromatography (UPLC) coupled to a XEVO TQ-S 
MS/MS instrument. As the chromatographic column, 
a Waters BEH C18 (100 × 2.1  mm, 1.7  µm) was used. 
The column temperature was set to 55 °C, the injection 
volume was 20  µL and the flow rate was 300  µL/min. 
Mobile phase  A was 89.9% water, 10% methanol and 
0.1% formic acid, and B was methanol with 0.1% for-
mic acid. The gradient programme was 50%/50% of A 
and B at the beginning, then ramping 3 min to 100% B 
and ramping back to 50%/50% A and B. The retention 
time of carbaryl was 1.75  min. Carbaryl was detected 
in multi-reaction monitoring (MRM) with electrospray 
ionisation positive mode (ESI+) using argon as collision 
gas. Captured mass transitions were m/z 202 → 145 as 
quantifier and m/z 202 → 127 as qualifier. While the 
cone voltage was fixed at 20 V for each transition, the 
collision energy was 10 eV for the quantifier and 25 eV 
for the qualifier. The analytical method was validated 
according to SANCO/3029/99 rev. 4 [26]. Five blank 
mesocosm water samples were spiked at the LOQ (limit 
of quantification) concentration of 0.15  µg/L, five at 
the 10× concentration at 1.5 µg/L and two blank sam-
ples were processed as regular samples. The samples 
were evaluated for recovery, specificity and reproduc-
ibility. The dissipation half-life period for carbaryl was 
calculated using the computer-assisted kinetic evalua-
tion application programme (CAKE, Version 3.2, Tes-
sella Technology & Consulting) assuming first-order 
kinetics.

Physicochemical water parameters
Water temperature, dissolved oxygen, pH and con-
ductivity were measured in  situ using WTW measur-
ing probes (Wissenschaftlich-Technische Werkstätten 
GmbH, Weilheim). Measurements were carried out 
0.2 m beneath the water surface and always at approxi-
mately the same time of the day and at the same posi-
tion in the stream mesocosms. Concentrations of 
ammonium, nitrate and phosphate, as well as water 
hardness, were measured in subsamples of the depth-
integrated water samples, as described above. Samples 

were sieved (mesh size 60–70  µm) before they were 
analysed photometrically using WTW cube tests.

Macroinvertebrates
For investigating macroinvertebrate abundances, once a 
week, two of the type A traps (stones and willow leaves) 
and one of the type B traps (stones and Ceratophyllum 
demersum) were taken out of each stream mesocosm 
(Fig. 1). The invertebrates were rinsed with stream water 
from the substrate into white vessels for identification 
and counting. Afterwards, the animals were returned to 
their respective stream mesocosm. While stream biota 
type B traps were replaced as a whole, only the content 
of stream biota type A traps (i.e. stones and the rest of 
the willow leaves), but not the traps themselves were 
returned to the stream mesocosms. All macroinverte-
brates were identified to the lowest possible taxon by eye 
or by using a stereomicroscope with transmitted light 
illumination. The numbers of organisms per taxon found 
in the three traps of a stream mesocosm were added 
together. By using the total macroinvertebrate counts of 
all eight stream mesocosms on two pre-sampling dates 
(day −21 and −2) and the counts of all control stream 
mesocosms on further sampling days, the dominance of 
taxa was calculated. Additionally, along with classifica-
tion into the number of generations per year (voltinism), 
the taxa were classified as a species at risk (SPEAR) or 
species not at risk due to pesticides, according to Liess 
and van der Ohe [27, 28].

For investigating the acute effect of carbaryl on the drift 
behaviour of organisms, a drift sampler was used in each 
stream mesocosm. A fixed net with 1 mm mesh size was 
introduced immediately before application between two 
guide plates, ca. 3  m behind the paddle wheel (Fig.  1). 
The height of the net was 50 cm to ensure that the whole 
water column was covered. The net was emptied 4  h, 
8  h and 24  h after application and the collected organ-
isms were fixed in 70% ethanol. Samples were evaluated 
using a stereomicroscope with transmitted light illumina-
tion and the organisms were taxonomically identified to 
the lowest possible taxon. Note that not re-introducing 
sampled animals is intended since drift should result in 
local removal of animals which would otherwise not be 
the case in the circular flow system used here.

Emerging insects
Two emergence traps (stainless steel) with a diameter of 
ca. 40 cm were used in each stream mesocosm to assess 
the emergence of insects. Together, both traps covered a 
water surface of 0.25 m2. Emergence traps were covered 
with a rectangular fine mesh, where a sample fixative was 
settled at the apex of the structure. The traps were settled 
straight above the macroinvertebrate substrate samplers 
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(Fig.  1). Directly underneath the mesh, two wooden 
sticks protruded out of the water to facilitate the emer-
gence outside of the water. Emerging insects were fixed 
in 70% ethanol and the samples were evaluated using a 
stereomicroscope with transmitted light illumination. 
Insects were identified to the lowest possible taxon. The 
data of the two traps per stream mesocosm were pooled.

Periphyton
Periphyton was collected on glass slides (total surface 
area per slide: 0.01855  m2) that served as artificial sub-
strate. The glass slides were fixed in a retainer on the 
stream bed (Fig.  1) and on every sampling occasion 
another slide was taken for analysis. The periphyton was 
scraped with a razor blade from the glass slide and mixed 
with tap water. The analysis of the composition of peri-
phyton was performed using a delayed fluorescence (DF) 
spectrometer to determine chlorophyll a, as µg/m2, and 
the respective fractions of green algae (Chlorophyceae, 
Euglenophyceae, Conjugatophyceae), diatoms (Bacillari-
ophyceae, Chrysophyceae, Dinophyta, Xanthophyceae), 
blue-green algae (Cyanophyceae) and cryptophyte algae 
(Cryptophyceae) [29].

Statistical analysis
Due to the limited number of test systems available, a 
regression design with three replicates for the control 
and five unreplicated test concentrations was used and 
the focus of the effect analysis was the calculation of 50% 
effect concentrations (EC50) for reduction of abundance 
or emergence of potentially sensitive taxa, i.e. insects 
and gammarids. Regression analysis of mesocosm stud-
ies is less common than analysis of variance (ANOVA) 
to calculate no observed effect concentrations (NOECs) 
and lowest observed effect concentrations (LOECs), but 
it has been recommended in Liber et  al. [30] and Azi-
monti et al. [31] and was also used for example in studies 
conducted in less than ten artificial streams or ponds by 
Mohr et al. [32] or Schäfers et al. [33]. Only taxa whose 
average abundance in the controls was higher than five, 
on at least two sampling occasions, were analysed using 
the three-parameter logistic regression model using 
ToxRat® (Version 3.2, ToxRat® Solutions GmbH).

To assess the suitability of the test systems for a meso-
cosm study meeting the requirements laid down by EFSA 
PPR [3], the minimum detectable differences (MDDs) for 
invertebrate taxa based on the data shortly before appli-
cation (day −2) were estimated. For the MDD calculation 
we followed Brock et al. [34]: the abundance values were 
log transformed and then the mean and standard devia-
tion were calculated. This standard deviation was used as 
an estimation of the pooled standard deviation and the 
MDD for the one-sided Williams test assuming a typical 

test design with five controls and five test concentra-
tions with three replicates each was calculated. From this 
MDD related to the log-transformed data, the % MDD 
for the original abundance scale were derived. The calcu-
lations are given in Additional file 4. In accordance with 
EFSA PPR [3], MDDs up to 70% were used, allowing to 
detect ‘medium’ effects, as suitable for a mesocosm study.

For analysing the effects on the macroinvertebrate 
and (emerged) insect community structure, principal 
response curves (PRC) were calculated [35, 36]. PRCs are 
based on the ordination technique constrained redun-
dancy analysis, especially designed to display the effects 
of a single stressor on community structure over time 
using the following model:

where yd(j)tk are the log-transformed abundances of 
taxon k at time t in treatment d and replicate j, ȳ0tk is the 
log-transformed abundance of species k at time t in the 
control, bk is the weight of species k with PRC, cdt is the 
principal response (canonical coefficient) of the com-
munity in treatment d on sampling date t and εd(j)tk is 
the error term for replicate j  of treatment on date t for 
species k. Because high abundance values influence the 
result of the PRC more strongly than low abundance val-
ues and to achieve normal distribution of data, all abun-
dances (x) were log transformed using ln (2x + 1).

Results of the PRC analysis are shown in a diagram, 
where time is displayed on the x-axis and the canoni-
cal coefficient (cdt) relative to the control (value: 0) on 
the y-axis. The more the cdt-values of treatments differ 
from the control line at point 0, the more the commu-
nity is influenced by the treatment. The species weights 
bk are plotted in an additional diagram, which can be 
interpreted as the weighting of each single taxon for the 
principal response. The higher the species weighting, the 
more does the response pattern of the taxon follow the 
pattern in the PRC. Taxa with a high-magnitude negative 
value show a reversed pattern to the PRC. Taxa with spe-
cies weightings between − 0.5 and + 0.5 show no or only 
a weak relation to the pattern of the PRC. Permutation 
tests allow calculation to determine whether the ordina-
tion can explain a significant proportion of the variance 
of the data set and whether the PRC diagram displays a 
significant part of the variance explained by the treat-
ment. As follow-up analysis, redundancy analysis (RDA) 
with the log-transformed nominal concentration as the 
only environmental factor was conducted for each sam-
pling date separately to test whether the treatment could 
explain a significant part of the variance of community 
structure on that day. The PRC and RDA analyses were 
performed with CANOCO 4.5  for Windows (Wagenin-
gen, NL).

yd(j)tk = ȳ0tk + bkcdt + εd(j)tk,
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Results
Chemical and physical characteristics of the water
All eight individual stream mesocosms were similar in 
their physicochemical parameters throughout the study 
and showed no apparent trend in water parameters due 
to treatment levels (Additional file  1). However, the 
parameters showed considerable variability over time 
(e.g. temperature: 8.2–19.4  °C; pH: 8.28–9.61; dissolved 
oxygen: 8.3–12.26  mg O2/L and conductivity: 217–
489  µS/cm). Likewise, nutritional parameters (ammo-
nium, phosphate, nitrate) and water hardness were also 
similar between the stream mesocosms throughout the 
study (Additional file 1).

Concentration of carbaryl in water
The analytical method was successfully validated with 
mean recoveries of 106 and 107% at the two fortifica-
tion levels. The LOQ was set to be 0.15 µg a.i./L (Addi-
tional file 2). One hour after application, 80–96% of the 
nominal carbaryl concentration could be found in the 
water samples proving the intended dosing of the stream 
mesocosm system (Fig. 2). Carbaryl concentrations in the 
stream water decreased exponentially with a mean dissi-
pation half-time (DT50) of 38.4 h (range 34.3–48.5 h). In 
the pooled control samples, carbaryl concentrations were 
always below the LOQ (Additional file 2).

Macroinvertebrate abundance and taxa richness
A total of 16,422  macroinvertebrate organisms were 
counted and differentiated into 51  taxa from all 80 
samples during the study. The mean total number of 
macroinvertebrates of all eight systems directly before 
carbaryl application (sampling day −2) was 228 with a 
coefficient of variation (CV) of 22.8%. The most domi-
nant orders were Isopoda, Amphipoda, Hirudinea, 
Ephemeroptera and Trichoptera, each with more than 5% 
of all individuals in the samples from two pre-sampling 

dates and the control stream mesocosms after applica-
tion (Fig. 3; Additional file 3). Overall, 29 arthropoda taxa 
represented more than 80% of all individuals, whereof 
12.9% individuals from 15 taxa belonged to the group of 
EPT. Furthermore, 12 out of the 51 taxa found were char-
acterised as SPEAR against pesticides. According to the 
SPEAR database, a considerable proportion of the taxa is 
characterised with a univoltine (29 taxa, 58% of all taxa) 
or semivoltine (4 taxa, 8%) life cycle and, thus, potentially 
vulnerable due to long generation times. The most domi-
nant taxa were Asellus aquaticus (32.6%), Gammarus 
sp. (27.7%), Helobdella stagnalis (9.5%) and the dipteran 
family Chironomidae (4.5%). Also, organisms of the cad-
disfly family Limnephilidae, the mayfly species Ephemer-
ella ignita and Ephemera  danica, the leech Erpobdella 
octoculata and the flatworm Dugesia sp. were repre-
sented with more than 2% per taxa of total abundance.

Overall, 11 taxa fulfilled the criterion of more than five 
organisms on average in the control stream mesocosms 
on two sampling occasions and were analysed via logis-
tic regression (Table 1). For 7 out of these 11 taxa, MDDs 
were estimated to be below 70% on sampling day −2 
(Table 1, Additional file 4), suggesting that for these taxa 
effects would be detectable in a replicated test design 
with 20 test units. For the others, abundance before 
application was too low, but increased during the study.

During the study, 10–21 taxa were found per sam-
pling date and the number of taxa showed no treatment-
related trend (Fig.  4a). The total macroinvertebrate 
abundance ranged from 70 to 392 individuals per sample 
and was apparently affected by the treatment (Fig. 4b). In 
the highest carbaryl concentration of 120 µg/L, the total 
number of individuals decreased from 198 to 91 individ-
uals during the 1st week following application, while the 
mean abundance of individuals in the control treatment 
was stable at around 200.

The principal response curve for the macroinvertebrate 
community shows small variation in the pre-treatment 
samplings and indicates long-term effects for the high-
est carbaryl concentrations and a short-term effect for 
36  µg/L (Fig.  5a). The first canonical PRC axis is statis-
tically significant (permutation test, p = 0.0240; 24.9% of 
the variance by treatment captured by the PRC), while 
the permutation test for all canonical axes did not show 
any statistical significance (p = 0.4960, 41.8% of total 
variance explained by treatment, while 41.5% of total var-
iance explained by time). Redundancy analysis and per-
mutation tests per sampling date revealed a significant 
treatment effect on days 13 (p = 0.04), 36 (p = 0.016) and 
57 (p = 0.002). Taxa with the highest correspondence to 
PRCs, indicated by high positive species weights, are the 
amphipod Gammarus sp., the mayfly E. danica and the 
alderfly Sialis lutaria (Fig. 5b). Other macroinvertebrate 
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Fig. 2  Dissipation of carbaryl in the stream water
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taxa, such as Naididae, the caddisfly family Limnephi-
lidae, Plecoptera n.d. and A. aquaticus, showed smaller 
species weights. The negative weights of the snails Radix 
sp., Radix ovata and Planorbis  planorbis and the flat-
worm Dugesia  sp. indicate an inverse response, i.e. an 
increase of abundance in the highest carbaryl treatment.

The population dynamics of the taxa with sufficiently 
high control abundance (> 5) on at least two sampling 
dates are shown in Fig. 6. Most often, the response was 
not monotonous and did not allow the calculation of a 
reliable concentration response function, where a sig-
nificant amount of variance is explained by the regres-
sion model. Nevertheless, the data indicate effects due to 
the higher carbaryl concentrations on a few species. The 
abundance of the amphipod Gammarus sp. decreased to 
zero immediately after application in the highest carbaryl 
treatment and did not recover until the end of the study 
(Fig. 6c). Abundance of Gammarus sp. was also reduced 
in the stream treated with 36 µg/L on the first sampling 
days after application. Also, the abundance of the caddis-
flies of the Limnephilidae family decreased in the highest 
carbaryl concentration on sampling days  6 and 13 after 
application (Fig. 6f ). However, such a decrease was also 
observed at 3.6  µg/L and abundances of Limnephilidae 

decreased in general in all stream mesocosms includ-
ing the control streams from day 21 until the end of the 
study down to near zero in all streams. Furthermore, 
the mayfly larvae E. danica showed a treatment-related 
trend of reduced population growth after application 
(Fig. 6d). While an average of 15 mayflies of this species 
were found in the controls at the end of the study on day 
57, only 2 individuals were found at 36  µg/L and none 
at 120 µg/L at the end of the study. However, variability 
in the control streams was large. No treatment-related 
trends were found for A.  aquaticus, Chironomidae, 
Eiseniella tetraedra and others, except of a higher abun-
dance of Dugesia sp. at the end of the study in the stream 
treated with 120 µg/L.

Invertebrate drift
In total, 30 different taxa were found in the invertebrate 
drift samples. Thereby, ten taxa were characterised as 
organisms with a common and/or abundant drift behav-
iour, in accordance with Rico and van den Brink [7]. 
Invertebrate drift was clearly increased by factor four in 
the highest concentration during the 4  h following car-
baryl application, above the level of the controls with 
respect to the total number of drifted organisms (Fig. 7a). 

Fig. 3  Percentage composition of macroinvertebrate community of all eight stream mesocosms on pre-sampling days −21 and −2 and control 
stream mesocosms during the study time
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Table 1  Taxa and  combined subclasses/orders considered to  be sufficiently abundant to  assess the  effects of  the  test 
item on at least two sampling dates (average control abundance > 5)

a  Re-transformed arithmetic mean of log-transformed data
b  MDD classes according to the aquatic guidance document: 0 = no effects can be determined (MDD > 100%); I = only large effects can be determined 
(MDD = 90–100%); II = large to medium effects can be determined (MDD = 70–90%); III = medium effects can be determined (MDD = 50–70%); IV = small effects can 
be determined (MDD < 50%)
c  No E. danica was found in the stream mesocosms shortly before application

Taxa Order Sampling days 
with mean 
in control > 5

Mean abundance 
based on sampling 
day −2

MDD class (%) 
estimated based 
on sampling day 
−2a, b

Categorised 
as species at risk 
against pesticides 
according to [28]

Voltinism 
according 
to [27, 28]

Arthropoda

Asellus aquaticus Isopoda All sampling days 70 IV (28) No SPEAR Multivoltine

Chironomidae Gen. 
sp.

Diptera − 21, − 2, 6 9 IV (48) No SPEAR Multivoltine

Gammarus sp. Amphipoda All sampling days 69 IV (36) No SPEAR Uni/bivoltine

Ephemera danica Ephemeroptera 36, 43, 49, 57 0 –c No SPEAR Semivoltine

Ephemerella ignita Ephemeroptera − 21, − 2 9 III (67) No SPEAR Univoltine

Limnephilidae Gen. 
sp.

Trichoptera − 21, − 2, 6, 13, 20 12 III (55) SPEAR Univoltine

Polycentropus fla-
vomaculatus

Trichoptera 27, 36, 43, 49 0.2 0 (202) SPEAR Univoltine

Non-arthropoda

Dugesia sp. Tricladida 36, 43, 49, 57 4 IV (48) No SPEAR Univoltine

Eiseniella tetraedra Crassiclitellata 20, 43, 49 0.2 0 (209) No SPEAR Multivoltine

Erpobdella octoculata Arhynchobdellida 43, 49, 57 1 0 (108) No SPEAR Univoltine

Helobdella stagnalis Hirudinida − 2, 6, 13, 20, 27, 36, 
43, 49, 57

21 IV (43) No SPEAR Multivoltine

Combined to higher subclass/order

Diptera − 21, − 2, 6 10 IV (45) Not classified Multivoltine

Ephemeroptera − 21, − 2, 6, 13, 36, 
43, 49, 57

16 IV (47) SPEAR Uni/bivoltine

Trichoptera − 21, − 2, 6, 13, 20, 
27, 36, 43, 49

12 IV (49) SPEAR Univoltine

Oligochaeta 6, 13, 20, 27 4 II (71) Not classified

Hirudinea All sampling days 25 IV (46) No SPEAR
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Fig. 4  Dynamics of a taxa richness and b total abundance of macroinvertebrates in the samples; dashed line: time point of application
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Also, the number of taxa drifting was increased by more 
than factor  two compared to the average of the control 
(Additional file  5). However, the higher drift numbers 
found at 120  µg/L were mainly caused by the plank-
tonic Cladocera species Simocephalus vetulus (Fig.  7b). 
Also, after 8 h the number of S. vetulus increased in the 
highest carbaryl treatment (Additional file  5). Of the 
macroinvertebrates the amphipod Gammarus sp. was 
captured in the drift nets with more individuals in the 
highest carbaryl concentration (12 individuals) than in 
control (Mean: < 2 individuals, Fig. 7c) after 4 h. In addi-
tion, drift of mayflies (especially E. ignita) increased 24 h 
after application (Fig.  7d). While the mean number in 
the control stream mesocosms was at 7, the number in 
the carbaryl treatments ranged from 7 to 51 (Additional 
file 5). Hereby, a dose-dependent increase in drift was not 
observed.

Emerging insects
In the emergence traps, 11  taxa of the orders Diptera 
(especially Chironomidae), Ephemeroptera and Trichop-
tera were found. Three taxa fulfilled the criterion of 
more than five organisms on average in the control sam-
ples on two sampling occasions and were analysed with 
the regression model (Chironominae, Tanypodinae, 
Ephemeroptera). The mean taxa number in the control 
and also in the treated stream mesocosms decreased over 
time until the end of the study (Fig.  8a). Likewise total 
abundance of emerging insects decreased from more 
than 200 individuals per sample before application to less 
than 100 individuals until the end of the study (Fig. 8b). A 
potential treatment-related decrease in total emergence 

and number of taxa per sample was observed 7 days after 
application in the highest carbaryl concentration. How-
ever, no treatment-related effects were detected with 
nonlinear regression and the analysis of the community 
structure via PRC did also not indicate a significant treat-
ment effect (p = 0.91).

Periphyton
The amount of periphyton, measured as the total chlo-
rophyll a-concentration, ranged between 128.58 and 
1283.40 µg/m2 and was dominated by green algae (Chlo-
rophyta), with more than 38% of total sum per sampling 
day (Additional file  6). Four and 11 days after carbaryl 
application, the chlorophyll a content was increased by 
factor 1.2–2.4 (day 4) and 1.4–1.65 (day 11) in the treated 
stream mesocosms compared to the average of the con-
trols (Additional file  6). By contrast, 26 and 33  days 
after carbaryl application chlorophyll a content in the 
two highest carbaryl concentrations was decreased by 
46–66% in comparison to the average chlorophyll a con-
tent of the controls. However, there was no clear concen-
tration response relationship and it was not possible to 
calculate reliable effect concentrations.

Discussion
Establishment of a macroinvertebrate community 
representative for streams
One aim of the study was to establish a macroinverte-
brate community in the stream mesocosms with poten-
tially sensitive and vulnerable species typical for lotic 
water bodies within an agricultural landscape. There-
fore, the mesocosms were colonised by introducing 
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macroinvertebrates samplers which were exposed in 
two local streams. Arthropods are considered to be par-
ticularly sensitive to insecticides [37, 38] and therefore 

they are especially relevant for the effect assessment. 
In the present study, 29  taxa belonged to arthropods, 
which is quite similar to the number of taxa found in 

a b c

d e f

g h i

j k

Fig. 6  Abundance of taxa, whose average abundance was more than five in the control on at least on two sampling occasions; a Asellus aquaticus, 
b Chironomidae Gen. sp., c Gammarus sp., d Ephemera danica, e Ephemerella ignita, f Limnephilidae sp., g Polycentropus flavomaculatus, h Dugesia 
sp., i Eiseniella tetraedra, j Erpobdella octuculata, k Helobdella stagnalis; dashed line: time point of application
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small lotic streams within an agricultural landscape in 
Northern Germany (27 taxa) [24]. In addition, partly 
because of their long generation time, taxa of the orders 

Ephemeroptera, Plecoptera and Trichoptera (EPT) are 
considered to be highly vulnerable towards insecticides 
and other stressors [7, 39]. Similarly, the number of EPT 

a b

c d

Fig. 7  Invertebrate drift at different carbaryl concentrations 4 h after application. a Total drift, b number of d Simocephalus vetulus, c Gammarus sp. 
and d the order Ephemeroptera

a b

Fig. 8  a Number of taxa and b total abundance in emergence traps; dashed line: time point of application
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taxa (15 taxa) corresponded to the mean EPT taxa num-
ber (13) of the investigated small streams in Wogram 
[24]. In terms of biological traits, aquatic macroinver-
tebrates often possess a univoltine life cycle. Further-
more, taxa with semivoltine life cycles, like many EPT 
taxa, should also be frequently presented as part of the 
macroinvertebrate community in an aquatic habitat and 
similarly in stream mesocosms. In this study, half of the 
detected taxa were univoltine, while a lower proportion 
had a semivoltine life cycle (8%). Thus, the number of 
taxa and the presence of different types of voltinism seem 
to be similar to what can be expected for real streams in 
the regional agricultural landscape.

Taxa, which can be statistically analysed for effects
However, as expected, a few taxa were dominant in the 
stream mesocosms and a lot of taxa were found only with 
low numbers. The EFSA Guidance Document requires 
that in mesocosm studies a reliable statistical analysis of 
effects should be possible for at least eight potentially 
sensitive populations and suggest reporting MDDs to 
evaluate this [3, 35]. Due to the specific modes of action 
and confirmed by Maltby et  al. [39], the Aquatic Guid-
ance Document suggests arthropods (insects and crus-
taceans) as potentially sensitive taxa in an assessment of 
insecticides. Due to the limited number of the test sys-
tems and the selected regression design, no MDD analysis 
as for a typical replicated design [35] could be conducted 
in this study. Nevertheless, MDDs were estimated based 
on the variance of the eight mesocosms shortly before 
application. This analysis revealed MDDs below 70%, 
thus allowing to detect small or medium effects [3], for 
five arthropoda (A. aquaticus, Gammarus sp., E. ignita, 
Limnephilidae n.d. and Chironomidae n.d.) and two non-
arthropoda (Dugesia sp. and H. stagnalis) which might be 
relevant in case of, e.g. testing a fungicide with a non-spe-
cific mode of action. Four other species including a may-
fly and a caddisfly were too rare before application, but 
were found in considerable numbers later which probably 
would have resulted in also sufficiently low MDDs. Six 
of the 11 taxa had a univoltine life cycle from which four 
taxa belonged to the order Ephemeroptera and Trichop-
tera and the other was a typical key taxon for lotic sur-
face waters Gammarus sp. (uni- or bivoltine life cycle). 
The two caddisfly taxa are also defined as a ‘Species at 
Risk for Pesticides’ in accordance with Liess and von der 
Ohe [29]. However, based on voltinism, recolonisation 
potential and sensitivity to insecticides, it is not clear why 
the two mayfly species and Gammarus sp. are not con-
sidered SPEAR. Thus, by just increasing the number of 
test systems to allow a typical test design in accordance 
with the aquatic guidance document [3], probably seven 

arthropoda, considered potentially sensitive and some of 
them also vulnerable towards insecticides, and four non-
arthropoda taxa could have been statistically analysed.

Potential improvements
Colonisation of the test systems by flying insects was pos-
sible since natural ponds, ditches and mesocosm ponds 
are in close proximity, but no typical streams are located 
nearby. Thus, typical stream species had to be introduced 
through macrophytes and substrates from undisturbed 
streams. For example, stonefly larvae (Plecoptera) were 
unfortunately too rare for a reliable evaluation in the 
stream mesocosms. Because stonefly larvae often live 
under stones in high-streaming habitats [40], the sam-
pling technique for receiving macroinvertebrates from 
reference streams should be refined by searching for 
stoneflies directly under stones to increase the number 
of stoneflies introduced into the test systems. Conditions 
in the mesocosms, e.g. velocity and dissolved oxygen 
concentrations, seem to have been appropriate since no 
decline of numbers of sampled stoneflies was found from 
day −21 until day −2.

In addition to increasing the number of introduced 
stoneflies and macroinvertebrates in general, improve-
ment of the sampling techniques within the stream 
mesocosms during a study could be beneficial. For exam-
ple, the food supply in the macroinvertebrate substrate 
sampler could be more diverse with different leaf types, 
which might enhance the presence of e.g. stoneflies. 
Enhancing the presence of macrophytes and submerged 
vegetation seems to be beneficial to provide a habitat for 
aquatic invertebrates [42, 43]. Aquatic macrophytes serve 
not only as food source and substrate for periphyton, 
but are also frequently chosen as a substrate for ovipo-
sition of merolimnic insects [44]. Wieczorek et  al. [11], 
for example, observed higher abundances of epiphytic 
Ephemeroptera species by providing high macrophyte 
densities and complex structures in stream mesocosms. 
Furthermore, next to the promotion of macrophyte veg-
etation in some sections of the stream mesocosms, pro-
viding more diverse substrates such as sediment, stones, 
wood and leaves could also increase diversity and abun-
dance of taxa.

Effects of carbaryl
In the present study, a worst case exposure scenario was 
tested due to recirculation of water. This type of stream 
mesocosm study was also used in studies with insecti-
cides, herbicides and heavy metals [41, 42] to examine 
the effects under worst case conditions.
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Carbaryl is a fast degrading toxicant and the calcu-
lated half-life of 38.3 h for dissolved carbaryl in all stream 
mesocosms is in accordance with previously conducted 
studies, where the half-life ranged between 40.0 and 
139.2 h in river water [43–45]. The slightly alkaline water 
milieu (pH around 8.5 on the day of application) prob-
ably conditioned the fast dissipation observed [46–48]. 
This observation is in accordance with the studies of Aly 
and El-Dib where the half-life of carbaryl was 43.2  h at 
pH  8 [49]. To simulate more realistic, shorter exposure 
events expected in real streams, it is possible to replace 
part of the contaminated water through submersible 
pumps with uncontaminated water of similar quality and 
temperature.

In the present study, the PRC indicated toxic effects on 
the macroinvertebrate community in the highest carba-
ryl concentration (120 µg/L). Even if no significant logis-
tic regression models could be fitted for the single taxa, 
the data suggest pronounced effects on the amphipod 
Gammarus sp. in the highest carbaryl concentration 
where the species could no longer be detected after day 
6 (Fig.  6c). Also, at carbaryl concentrations of 36  µg/L, 
the abundance of Gammarus sp. seemed to have been 
reduced over several sampling days after application. This 
is in line with various acute laboratory toxicity tests indi-
cating LC50 values from 22 to 31 µg/L for Gammarus sp. 
[13, 50, 51] considering the fast dissipation of carbaryl 
in the streams compared to the constant exposure over 
4  days in the laboratory tests. Because Gammarus sp. 
became quasi extinct in the highest concentration, recov-
ery would have only been possible under field conditions, 
e.g. by drift from uncontaminated upstream sections or 
other types of recolonisation.

Also, caddisflies of the Limnephilidae family showed a 
decrease in abundance in the first 2 weeks after applica-
tion of the highest carbaryl concentration. LC50-values 
for larvae of quiver wearing caddisflies in 96 h laboratory 
tests ranged between 29 and 61 µg/L [18, 22], which sug-
gests that a carbaryl concentration of 120 µg/L could have 
indeed affected the caddisflies of the family Limnephi-
lidae in the streams. In general, the abundances of Lim-
nephilidae decreased in all stream mesocosms, including 
the controls, over time (Fig. 6f ). It can be assumed that 
most of these caddisflies emerged during the first period 
of the study, which is in accordance with data from the 
emergence trap. Since the family Limnephilidae is wide-
spread in Europe and a lot of species are considered to be 
species at risk [28, 52], it is advisable to assess the poten-
tial risk for this trichopteran family in higher-tier studies 
like lotic stream mesocosms. For improving the test sys-
tems regarding ecological risk assessment an earlier time 
point of application may result in longer dwelling times 

as caddisfly larvae and therefore the risk of pesticides in 
water can be assessed over a longer time period.

The abundances of the mayfly Ephemera danica 
reached relevant numbers only on the later sampling 
dates of the study (day 35–57), but apparently depended 
on the test concentration (Fig.  6d). No individuals were 
found in the stream treated with 120  µg/L during the 
whole study and at the end of the study, but also in the 
lowest test concentration the abundance was lower than 
per average in the controls. Thus, this mayfly is perhaps 
more sensitive than Gammarus sp. In laboratory stud-
ies with sediment, the 96 h-LC50 of carbaryl for E. danica 
was 153  µg/L [13]. This result suggests no effects to be 
expected for E.  danica in the lower carbaryl concentra-
tions in this study. However, it is not clear if the dissipa-
tion was similar and which stages of larvae were tested. 
E. Danica is a semivoltine organism and the life cycle can 
last from 1 to 3 years. During the first sampling dates in 
July and August, the larvae of the newly hatched gen-
eration are very small, which makes it difficult to detect 
them during these months [53, 54]. Younger organisms 
are usually more sensitive than older and larger organ-
isms, for example because the higher surface to volume 
ratio results in higher uptake rates. Thus, effects on sur-
vival of the very young but sensitive larvae might have 
been overlooked in our study and became only visible 
when the survivors were larger and detected in the sam-
ples later in the study. Similar observations were also 
made in a stream mesocosm study by Beketov et al. [42] 
on long-term effects of the insecticide thiacloprid, where 
the stonefly larvae Nemoura cinerea and the mayfly lar-
vae Ephemera vulgata were only found in control streams 
27  weeks after application. Because of the fact that on 
every macroinvertebrate sampling day two stream biota 
A traps were removed from every stream mesocosm 
(with exception of stones and remaining leaf material), 
potential habitats for E.  danica and other taxa were 
reduced and more concentrated on the remaining stream 
biota traps with every following sampling day. To avoid 
this possible issue, stream biota trap A should be placed 
back as a whole during the study.

The drift behaviour of aquatic invertebrates is crucial 
for the invertebrates themselves, as well as for the whole 
stream ecosystem [55]. Various types of disturbances like 
chemical contamination or abiotic and biotic factors (flow 
velocity, predation, competition) lead to downstream 
drift of macroinvertebrates [56]. In the present study, 
drift of the amphipod Gammarus sp. and the Cladoceran 
Simocephalus vetulus showed short-term increase (after 
4 h) for a carbaryl concentration of 120 µg/L (Fig. 7). The 
total number of organisms and taxa number increased 
with increasing carbaryl concentrations. This phenom-
enon was also observed by Beyers et al. or Courtemanch 
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and Gibbs, immediately after carbaryl treatment in natu-
ral streams [20, 21]. Gammarus sp. and the Cladoceran 
Simocephalus  vetulus, in particular, showed high drift 
in the highest carbaryl concentration (Fig. 7c). With the 
current sampling technique, it is not possible to deter-
mine whether both taxa were captured within the drift 
net because they were lethally affected or immobilised or 
whether they showed drift because of avoidance behav-
iour. In future studies, drift samples could be directly 
analysed for live/dead classification. However, in the case 
of Gammarus  sp., lethal effects of the highest carbaryl 
concentration can be assumed based on the laboratory 
toxicity data and also the results from macroinvertebrate 
sampling (Fig. 6). Simocephalus vetulus is a common zoo-
plankton organism, which normally lives in littoral zones 
of lakes and other basins, but can also be present in lotic 
systems [57, 58]. Cladocera are one of the most sensitive 
orders to carbamates [59]. Acute single-species tests dis-
covered that carbaryl is highly toxic to Daphnia  magna 
(48  h  EC50: 5.6  µg/L), which belongs to the same fam-
ily as S.  vetulus [23]. Therefore, it can be assumed that 
the increased numbers in drift samplers were caused by 
immobilisation or death. Visible effects of carbaryl were 
also observed in the drift numbers of mayflies 24 h after 
application. Possible mechanisms could be an increase in 
mortality, a knock-down effect or behavioural changes 
because of carbaryl [20]. Interestingly, these observations 
were not made already after 4 h, indicating that it takes 
some hours before the internal concentration of carbaryl 
has reached a level to introduce drift. In other ecotoxi-
cological studies the initiation of macroinvertebrate drift 
for several insecticides, mostly neurotoxic insecticides, 
was often potentially more sensitive than survival or 
immobilisation in acute toxicity (LC50) tests in laboratory 
[60]. In another stream mesocosm study, drift behaviour 
was increased in insect larvae and gammarids after 12-h 
pulses of imidacloprid, with investigators concluding that 
drift is a sensitive, relevant endpoint which should be 
considered in specific risk assessments for lotic surface 
waters [61].

In this study, carbaryl had no effects (in the sense of 
reliable dose response functions or on community level 
via PRC) on the emergence of insects. Only slight tenden-
cies to impair the total emergence 7 days after application 
for 120  µg/L were found. Dominant emergent insects 
such as Chironominae, Tanypodinae and other Chirono-
midae, which dominated the numbers in the emerging 
traps, also did not show any effect on larvae abundances 
in the macroinvertebrate sampling, which confirms that 
these taxa were not affected by the treatment. Generally, 
emergence decreased over the course of the study. Spring 
and summer months are known for high emergence rates 
of merolimnic insects [62–64]. To cover the period of 

main emergence in a study, applications in further stud-
ies should be done earlier in the year than in this pilot 
study. This would probably allow a more powerful analy-
sis of effects due to higher numbers of larvae in the test 
systems and imagines in the emergence traps.

Direct effects of carbaryl on the periphyton were not 
expected, but also indirect effects, e.g. promotion due to 
reduced grazing, were not found. This might be because 
the periphyton on the glass slides was not an attractive 
food source for the potentially affected taxa such as may-
flies and caddisflies. In future studies, also the effects on 
leaf litter breakdown could be analysed to provide infor-
mation on an important ecosystem function.

Conclusions
It could be demonstrated that stream mesocosms provide 
suitable habitats for potentially sensitive and vulnerable 
taxa representative for lotic systems such as gammarids, 
mayflies, caddisflies and stone flies. With more test sys-
tems than in this pilot study, e.g. 20 mesocosms for a 
replicated design, probably seven arthropoda and four 
non-arthropoda species would have allowed a statistical 
analysis of effects. To allow the analysis of further taxa, 
especially stoneflies, it is essential to increase the number 
of sampled organisms from sensitive and vulnerable taxa 
per stream mesocosm, for example, by (1) more targeted 
introduction by searching for organisms directly under 
stones and other substrates, (2) optimising the number 
and type of samplers in the mesocosms and (3) more pas-
sive introduction of macroinvertebrates through macro-
phytes and substrates from undisturbed streams. Due to 
circular flow, exposure duration in the streams is a worst 
case scenario compared to flow-through systems. How-
ever, by replacing water, faster dissipation can also be 
realised. Although the calculation of reliable EC50 values 
was often not possible, the study indicated the effects of 
carbaryl on the macroinvertebrate community and also 
on specific taxa (Gammarus sp., Limnephilidae, E. dan-
ica), which were in line with available laboratory toxicity 
data.
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Additional file 1. Measurement of physical parameters during the study.

Additional file 2. Recovery of carbaryl in stream mesocosms and results 
of method validation.

Additional file 3. List of macroinvertebrate taxa with dominance, voltin‑
ism and classification as Species at risk for Pesticides

Additional file 4. Calculation of minimum detectable difference on Day 
-2 abundance data.

Additional file 5. Raw data drift of invertebrates.
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Additional file 6. Total chlorophyll a value [µg/m2] and respective 
fractions [%] of blue-greens (Cyaonprokaryota), greens (Chlorophyceae, 
Euglenophyceae, Conjugatophyceae, diatoms (Bacillariophyceae, Chryso‑
phyceae, Dinophyta, Xanthophyceae) and Cryptophytes.

Abbreviations
a.i.: active ingredient; ANOVA: analysis of variance; CV: coefficient of variation; 
DF: delayed fluorescence; DT50: 50% dissipation time; ECx: effect concentra‑
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