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• Ecoregion-speciﬁc risk assessment of
pesticides in Europe is currently still
rare.
• Pyrimethanil-PYR effects were tested on
phytoplankton, macroalgae and macrophytes.
• Outdoor mesocosms were studied for
one year in the “South” and “Centre”
zones.
• Long-term PYR direct/indirect effects
were detected on macroalgae and macrophytes.
• Ecoregion-speciﬁc effects depended on
environment
and
(inter)speciﬁc
conditions.
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a b s t r a c t
Even though empirical data supporting sound ecoregion-speciﬁc ecotoxicological evaluations are still scarce, the
differences of environmental (including climatic) conditions in speciﬁc ecoregions are already currently being
regulated for environmental risk assessment of pesticides in Europe. To shed new light on the ecotoxicological
effects of pesticides on aquatic communities across ecoregions, the model pollutant pyrimethanil (fungicide)
was tested in an outdoor mesocosm study with macrophyte-dominated communities in the European “South”
(Portugal) and “Centre” (Germany) regulatory zones. Phytoplankton indicators monitored over 12 months indicated a low risk of the fungicide (0.73 or 0.77 mg pyrimethanil L−1, single application) to phytoplankton functioning; as expected since exposure simulated worst-case scenarios. However, the growth of key structural
macroalgae and macrophytes was affected by the fungicide and negative effects occurred, especially in the Central zone experiment. Such effects were not detected earlier than approximately nine months post single
pyrimethanil application. The presence or absence of such extremely long-lasting/delayed pyrimethanil effects
depended on species, competitive situation, and ecoregion-speciﬁc physico-chemical environment. The present
ﬁndings suggest that a better understanding of both direct and indirect effects of fungicide pollution on aquatic
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ﬂora in two European ecoregions helps to consolidate the environmental risk assessment of pesticides in speciﬁc
regulatory zones.
© 2019 Elsevier B.V. All rights reserved.

1. Introduction
The European Union (EU) is subdivided into three zones for the authorization of plant protection products (EU, 2009) so as to consider the
different environmental (including climatic) conditions of EU member
states in environmental risk assessment (ERA). As deﬁned in annex I
of Regulation (EC) No 1107/2009 (EU, 2009), “zone A — North” includes
six Baltic region states with typically cold summer and winter seasons
(Denmark, Estonia, Finland, Latvia, Lithuania, Sweden). The larger
“zone B — Centre” comprises thirteen EU member states with a more
temperate climate (Austria, Belgium, Czech Republic, Germany,
Hungary, Ireland, Luxembourg, Netherlands, Poland, Romania,
Slovenia, Slovakia, United Kingdom). The “zone C — South” includes
eight EU member states with mainly Mediterranean climate (Bulgaria,
Cyprus, France, Greece, Italy, Malta, Portugal, Spain). Due to historical
reasons, ERA within EU, particularly in what regards aquatic semi-ﬁeld
(mesocosm) studies, is largely focused on zone B information/data,
and therefore assessment procedures are not always suitable for South
European climate conditions (Ramos et al., 2000; Daam et al., 2011;
Leitão et al., 2014).
Only few experimental data regarding the environmental risk of
pesticides to aquatic ecosystems in zone “South” are available. Laboratory experiments have demonstrated that contaminant fate and toxicity
depend on the thermal environment and physiological traits of the
aquatic species, features linked to the ecoregion/climate zone they originate from (Cairns et al., 1975; Heugens et al., 2001; Kwok et al., 2007).
An aquatic semi-ﬁeld study with the insecticide chlorpyrifos lead Daam
et al. (2011) to conclude that exposure proﬁles, indirect effects, and recovery potential are different between zones “South” and “Centre”, even
though the direct effects of the insecticide were almost the same in the
ecoregions under investigation. The example of the latter insecticide
and the comparison between the ecological effects of the herbicide
linuron in tropical and temperate regions (Daam et al., 2009) demonstrate that model-ecosystem (mesocosm) experiments are essential to
provide further knowledge of the long-lasting and complex pesticide effects and of the recovery potential of freshwater biodiversity across different ecoregions. Information regarding the effects of insecticides and
herbicides on aquatic communities in different ecoregions has been
made accessible, but data on the ecoregion-speciﬁc effects of fungicides
in the EU is not yet available (Daam et al., 2011). This knowledge would
however be important, since the indirect effects, e.g. the increase of primary producers observed in a fungicide mesocosm study in tropical
Thailand due to a reduced grazing pressure, indicate that the risk assessment of fungicides based only on single-species standard tests (algae,
daphnids and ﬁsh) may be questionable (Daam et al., 2010).
Aiming to comprehensively understand fungicide effects on aquatic
biodiversity under the presence of additional (including climatic)
stressors, the fungicide pyrimethanil (PYR) has been extensively investigated in multifactorial laboratory experiments (Müller et al., 2010,
2012; Seeland et al., 2012, 2013; Scherer et al., 2013; Araújo et al.,
2014a, 2014b; Shinn et al., 2015). Algal and plant responses to PYR
assessed in laboratory tests are species-speciﬁc and cover the same
broad concentration range found for animals (Seeland et al., 2012). Indeed, the available response data of a number of model species
representing freshwater ﬂora in ERA indicate a low toxicity of PYR to
plant growth, but a moderate toxicity to algal and macrophyte photosynthesis at ≥0.2 mg L−1 PYR (Verdisson et al., 2001; Dosnon-Olette
et al., 2009, 2010; Seeland et al., 2012; Scherer et al., 2013; Araújo
et al., 2015; Shinn et al., 2015). However, to the best of our knowledge,
there is still a lack of information about PYR toxicity to macrophyte-

dominated communities and associated fauna, including indirect effects
and long-term recovery potential, as well as on actual measured environmental concentrations of PYR in European surface waters, which
were up to 70 μg L−1 (Verdisson et al., 2001; Gregoire et al., 2010;
Kreuger et al., 2010).
To gain a deeper understanding of fungicide effects on aquatic biodiversity and ecosystem functions in complex environments of different
ecoregions, the present study reports the responses of phytoplankton
indicators and macroalgal and plant species to the fungicide PYR in Portuguese and German mesocosm communities monitored for one year
post application. Although the present study was developed within a
broader research project on the assessment of the effects of PYR on
aquatic communities structure and function in two European
ecoregions, under which phytoplankton, plants, zooplankton, and macroinvertebrate communities were studied, for reasons of simplicity and
because neither strong PYR effects on each community nor consistent
indirect effects among communities were support by the results, the
outcomes of the various communities are presented in separate papers
(please see Abelho et al., 2016; van der Linden et al., under review).
Mesocosm facilities were located in the “South” and “Centre” regulatory
zones. From a biogeographical viewpoint, communities under investigation were from the Mediterranean and Continental European regions,
respectively (EEA, 2002a, 2002b).
2. Materials and methods
2.1. Test substance and tested scenario
The anilinopyrimidine fungicide pyrimethanil (PYR; N-(4,6dimethylpyrimidin-2-yl)-aniline; CAS number 53112-28-0) is frequently applied both pre- and post-harvest in apple, banana, carrot, citrus, grape, melon, onion, potato, strawberry, and tomato cultures
(Sholber et al., 2005; Smilanick et al., 2006; EFSA, 2011; Sirtori et al.,
2012). PYR is one of the few available fungicides which efﬁciently
work against resistant fungus strains (Sholber et al., 2005; Smilanick
et al., 2006; Sugar and Basile, 2008). The ecotoxicity proﬁle of nontarget aquatic organisms to PYR revealed a broad sensitivity spectrum
with microalgae and invertebrates (crustacea and snails) among the
most sensitive taxonomic groups on a short-term exposure (for ranges
b1 mg L−1 or within 1–5 mg L−1; for details see Fig. S1 in Supplementary material) (EFSA, 2006; van Leeuwen and Vonk, 2008; Müller
et al., 2012; Seeland et al., 2012, 2013; Scherer et al., 2013) and ﬁsh on
a long-term exposure basis (early life stage test); but species-speciﬁc
PYR responses show increases in sensitivity at species-speciﬁc suboptimal temperature conditions (Müller et al., 2012; Seeland et al., 2012,
2013, Scherer et al., 2013). van Leeuwen and Vonk (2008) estimated
PYR levels to protect aquatic life from short- and long-term exposures
of 0.033 and 0.007 mg L−1, respectively; serious adverse effects are expected to occur at 0.647 mg L−1.
To test a worst-case runoff scenario for PYR during post-harvest application, the nominal PYR concentration of 1 mg L−1 was applied to
three of six aquatic outdoor mesocosms placed in Portugal (Coimbra)
and Germany (Frankfurt am Main) in August 2011. The maximum actual concentrations in mesocosm water (0.73 and 0.77 mg L−1, respectively) simulated approximately a ten-fold level of the predicted
environmental concentration (PEC) for surface waters nearby apple orchards (0.09 mg L−1, EFSA, 2006). Furthermore, actual PYR mesocosm
concentrations were similar to actual runoff concentrations derived
from terrestrial semi-ﬁeld simulators (ﬁlled with sandy loam soil) that
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were sprayed with 50× the recommended dose of the PYR-containing
commercial formulation SCALA and treated with 22 L of artiﬁcial rain
(Gil et al., 2015). Thus, the nominal PYR concentration used in the present study intended to simulate worst-case scenarios of contamination,
which may occur due to deﬁcient-storage at dealer-ships and mixload sites, accidental spills, agricultural overuse (Helweg et al., 2002;
Giger, 2009), or by surface runoff events, particularly in Mediterranean
conditions subjected to unpredictable heavy rainfalls (Gil et al., 2015).
Besides, knowing that PYR has a relatively short half-life in water (8.9
to 24 d; EFSA, 2006) we intended to ensure that biological effects
would be observed so that differences between ecoregions could be
evaluated; as illustrated in Fig. S1 (Supplementary material) the actual
PYR concentrations in the present study lied between PEC values and
those causing most biological effects irrespectively from the trophic
level.
2.2. Preparation of mesocosms
Two equivalent outdoor mesocosm facilities in Coimbra (COI;
Portugal) and Frankfurt am Main (FFM; Germany) comprised six cylindrical, 1.5 m3 aquatic model ecosystems (material: LD/PE, volume:
1500 L, diameter: 155 cm, depth: 100 cm) set up at ground level, at
least 10 months prior to the start of the experiment (PYR application).
These outdoor model ecosystems intended to represent the freshwater
systems typical of the respective ecoregion. Each mesocosm contained
0.27 m3 (15-cm depth layer) of sediment from a local noncontaminated lake; COI: ﬁne to medium sand from the mesotrophic lagoon Lagoa dos Teixoeiros (0.015 mg L−1 phosphate in water phase);
FFM: silty sand from a polytrophic reference lake (0.2 mg L−1 phosphate
in water phase) in Neu-Ulrichstein, Homburg/Ohm mixed (2:1) with
washed medium to coarse sand from River Main. In addition,
mesocosms were ﬁlled with 1050 L (80-cm depth) of water taken
from a local water source; COI: oligotrophic spring water (b0.002
μg L−1 phosphate) of Olhos d'Água do Rio Anços, and FFM: oligotrophic
groundwater that ﬂowed through a pond in the Botanical Garden Frankfurt with a retention time of approximately two days (b0.015 mg L−1
phosphate in pond water).
Macrophytes were collected from various local non-polluted limnic
environments and deployed in equal densities to each mesocosm. In
COI mesocosms, 8.2 g fresh weight (fw) of Myriophyllum spicatum (Eurasian watermilfoil) and 8.9 g fw of Potamogeton polygonifolius (bog
pondweed), and in FFM, 12 g fw of Ranunculus circinatus (fan leaved
water crowfoot), 162 g fw of P. pusillus (small pondweed), 246 g fw of
M. spicatum and 342 g fw of Ceratophyllum demersum (rigid hornwort).
In addition, zooplankton and macroinvertebrates were collected from
local lakes and transferred to each mesocosm in approximately equivalent densities. Moreover, phytoplankton, zooplankton, macroinvertebrates and microbial organisms were indirectly carried into the
mesocosms via water, sediment and macrophytes. Aquatic insects regularly immigrated to the mesocosms naturally.
One month prior to the start of the experiment, the bottom and surface coverages of dominant macrophyte species were manually harmonized between all six COI or FFM mesocosms. Prior to PYR application, a
visual estimate of the water surface of COI mesocosms revealed a 18 ±
7% surface coverage of M. spicatum (15 ± 6% before harmonization) and
a 21 ± 7% of P. polygonifolius (26 ± 11% before harmonization). In FFM,
43 ± 13% of the water surface and bottom were covered by M. spicatum
(42 ± 23% surface coverage before harmonization), and 2 ± 2% and 1 ±
2.5% of the bottom by C. demersum and P. pusillus, respectively.
The coverage of mat-forming green macroalgae in FFM mesocosms
(mixture of mainly Oedogonium and some ﬁlaments of Cladophora)
was difﬁcult to harmonize, resulting in an initial highly variable coverage of 18 ± 12%. To stabilize and additionally synchronize the
mesocosms, maximal inter-mesocosm homogenization of water quality
and biota prior to PYR application was enforced via regular manual
water mixing between each of the six mesocosms for one month prior

to experimental start. Hence, 100 and 50 L of water from each
mesocosm were equally distributed by the other ﬁve mesocosms in
COI and FFM once and twice a week, respectively. Seven days prior to
PYR application the water mixing was stopped, leaving each mesocosm
as an isolated experimental unit.
2.3. Pyrimethanil application to the mesocosms
The bilateral PYR mesocosm experiment started in August 2011 and
was ﬁnished 12 months later in July 2012. In COI, twelve 0.71 g portions
of PYR (Pestanal®, analytical standard (Fluka), Sigma-Aldrich) were
dissolved in 5 L of tap water for 24 h (with an intermediate dissolution
step with a minimal use of analytical-grade acetone). In FFM, six 1.42 g
portions of PYR were dissolved in 10 L of tap water for 24 h. A 20 L PYR
solution was applied once to each of the three PYR mesocosms using
plastic watering cans (simulating contamination from diffuse sources)
and distributed via the careful and slow circling of a net three times in
each mesocosm.
PYR in mesocosm water (63 μm sieved) was monitored two to three
times a week during the ﬁrst ten (COI) and two (FFM) weeks of the experiment, weekly until January 2012, and ﬁnally fortnightly and
monthly from then onwards. Actual PYR concentrations (mg L−1)
were measured by high pressure liquid chromatography following the
protocol described in Müller et al. (2012) and PYR amounts (mg in the
water column) were then calculated; limits of detection and quantiﬁcation were 34 ng L−1 and 3.3 μg L−1, respectively.
2.4. Monitoring of physico-chemical parameters
Oxygen concentration and saturation, conductivity, and pH were
monitored once a week (COI: WTW sensors OXI92, Cond315i/SET and
537 pH, respectively; FFM: WTW sensors CellOx 325, TetraCon 325,
and SenTix 11, respectively) on the water surface (up to 5 cm), at a
50 cm depth and at the bottom (80 cm). Temperature and light intensity
were measured hourly at the three water depths using data-loggers
(HOBO Pendant Temp/Light Logger, Station H21-002), which were
cleaned weekly, with the exception of February 2012 in FFM. All dataloggers were maintained horizontally and at a constant depth by
means of stabilized set-ups that followed water level variations. Water
visibility (without macroalgae/macrophyte interference) and water
level were measured weekly using a folding ruler.
The concentrations of ammonium (LCK304, Hach-Lange, detection
range: 0.015–2 mg L−1; Aquaquant, detection range:
0.025–0.4 mg L−1; Aquamerck, detection range: 0.5–10 mg L−1), nitrate
(LCK339, Hach-Lange, detection range: 1–60 mg L−1; colorimetric test
of Aquamerck, detection range: 10–150 mg L−1), nitrite (colorimetric
test of Aquamerck, detection range: 0.025–0.5 mg L−1), and phosphate
(colorimetric test of Aquaquant, detection range: 0.015–0.43 mg L−1;
colorimetric test of Aquamerck, detection range: 0.25–3 mg L−1) were
measured weekly. Depth-integrated water samples were taken with
Plexiglas/PVC tubes of 0.70 cm of diameter and 60 cm length under negative pressure (two to three locations/mesocosm and pooled; only one
during ice coverage in FFM), totalling at least 4 L of water, which was
63 μm sieved prior to analysis.
2.5. Monitoring of biological components
Species-speciﬁc macrophyte and mat-forming green macroalgae
coverage of mesocosm water surface and, if possible, of the bottom
was visually estimated every week. At the end of the experiment, the
biomass (g fw) of each species was quantiﬁed. Short- and long-term effects on phytoplankton indicator variables (chlorophyll-a and silicium
oxide (SiO2) concentrations) were monitored weekly in water samples
taken as previously described for nitrogenous and phosphorous estimations. Chlorophyll-a and SiO2 concentrations are considered integrative
parameters which represent the approximate biomass of planktonic
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green algae and the total converted biomass of planktonic diatoms, respectively (Schwörbel, 1999).
Chlorophyll-a in the water from COI mesocosms was immediately
quantiﬁed via ﬂuorescence (10-AU Fluorometer, TURNER DESIGNS),
whereas in FFM mesocosm samples it was measured photometrically.
For the latter analysis, 180 to 1150 mL of FFM mesocosm water was ﬁltered through two 0.45 μm cellulose ﬁlters (Roth). Chlorophyll-a was
extracted from the ﬁlters with hot ethanol and photometrically quantiﬁed (DR 3800, Hach-Lange) following the guideline DIN 38 412, part 16
(DIN, 1985). Both chlorophyll-a quantiﬁcation methods were compared
by a parallel ﬂuorescence and photometric measure of the chlorophyll-a
content in 47 COI mesocosm samples. The ﬂuorometric method was on
average 223-fold more sensitive for chlorophyll-a detection, thus COI
chlorophyll-a data might represent an overestimate. We deliberately
refrained from adjusting chlorophyll-a data to one of the methods due
to the poor ﬁt of the linear model (R2 = 0.43), although chlorophyll-a
contents obtained from both methods were signiﬁcantly correlated
(Spearman r of 0.64 [CI 0.43 to 0.79], p b 0.001). SiO2 was photometrically quantiﬁed with comparable quantiﬁcation protocols (COI:
Heteropoly blue LR method 8186, Hach-Lange, detection range:
0.01–1.6 mg L−1; FFM: LCW 028, Hach-Lange, detection range:
0.01–2 mg L−1).
Green algal cells larger than 63 μm were also identiﬁed in FFM
mesocosms for 5 months post PYR application. These microalgae were
collected from the same water samples used for chlorophyll-a and
SiO2 estimations by sieving four litres of water and preserving the
sieved material in 10 mL 70% ethanol until microscopic analysis. The
number of Volvox globator, V. aureus and other unidentiﬁable green
microalgal cells were estimated under 5–20 fold magniﬁcation using a
1 mL Kolkwitz chamber (Hydro-Bios). Additionally, the chlorophyll-a
content of Volvox spp. was determined at different cell numbers following guideline DIN 38 412, part 16 (DIN, 1985).

FFM]. The short-term phase is here deﬁned as time until PYR dissipated
from COI and FFM mesocosm water by 64 ± 1% of the maximal concentrations, as a pesticide dissipation of two-three thirds was selected as
appropriate to evaluate effects on ongoing physico-chemical/ biological
dynamics and also because thereafter a decline in biological activity potentially accompanied by chronic effects was expected also due to the
onset of winter (see e.g. Fig. 5 in the Results section); in accordance
day 77 was the last “autumn” date in the PC analysis. Furthermore, nonparametric correlation analysis (Spearman) was computed to test for
potential relationships between chlorophyll-a and SiO2 concentrations,
as well as for the coverage data of mat-forming green macroalgae,
M. spicatum and Potamogeton spp. (PRIMER 6 software).
The above-sediment biomass of each macroalgal and macrophyte
species harvested at the end of the bilateral experiment was compared
using t-tests. Moreover, the total biomass of macroalgal and macrophyte species was tested for effects of PYR and study site via a twoway ANOVA, followed by the Bonferroni post-test (GraphPad Prism
software).
3. Results
3.1. Pyrimethanil dissipation from the water phase
Maximal PYR concentrations of 0.77 ± 0.01 mg L−1 in the water
were reached at day 1 in COI and 0.73 ± 0.02 mg L−1 at day 4 in FFM
(0.46 ± 0.02 mg L−1 at day 1 in FFM) (Fig. 1). Besides, there was a
fast decrease of the PYR concentration in both ecoregions, but slower
in FFM than in COI, where by the end of the study the fungicide was
no longer detected. The DT50 in COI mesocosms (DT50 = 45.55 d [CI
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2.6. Data analysis
Exponential one-phase-decay models (software GraphPad Prism
5) were used to calculate PYR 50% dissipation time from the water
phase (DT50) and respective 95% conﬁdence intervals (CI) with measured PYR concentrations, as well as with calculated PYR amounts (=
PYR concentration × volume of mesocosm water), so as to take ﬂuctuating water levels into account. The obtained curves for the two
ecoregions were analyzed for differences using an extra sum-of-squares
F-test (software GraphPad Prism).
In order to identify patterns in the physico-chemical parameters, the
large amount of data was Box-Cox transformed to convert non-normal
dependent variables into a normal shape and reduced to ordination
scores by principal component (PC) analysis (normalized values)
using the PRIMER 6 software. Ordination scores of axes 1, 2 and 3 calculated from all physico-chemical data (PC1, PC2, PC3) or from nutrient
data only (PC(N)1, PC(N)2, PC(N)3) were tested for potential relationships
with the coverage data of M. spicatum and mat-forming green
macroalgae, as well as with chlorophyll-a and SiO2 concentrations, by
nonparametric Spearman correlation analysis (only Spearman r ≥ 0.28
are reported). The ordination patterns were double checked with nonmetric multi-dimensional scaling (NMDS, normalized values) and the
dimensionality of the principal components of the ordination was
tested with Kruskal stress tests (PRIMER 6 software).
The coverage data of M. spicatum and mat-forming green
macroalgae, as well as chlorophyll-a and SiO2 concentrations, were
square root transformed and tested individually or combined via
permutation-based multifactorial analysis of variances PerMANOVA
(999 permutations of residuals under full model, Euclidean distance,
sums of squares type III (partial)) followed by a Monte-Carlo test for
their response to single and combined factors PYR treatment [control
(C) versus PYR], time [short-term (ﬁrst 11 weeks, precisely 77
d) versus long-term (week 12 onwards)] and study site [COI versus
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Fig. 1. Mean (±standard error; n = 3) pyrimethanil concentration in the water after single
application in the water phase in COI and FFM mesocosms (0.73 or 0.77 mg L−1, vertical
line) and mean (n = 3) total water volume during one-year post application. COI Coimbra, Portugal; FFM - Frankfurt am Main, Germany; dotted lines signal 50% dissipation
time (DT50) concentration and days after application.
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40.0–52.2], n = 39, R2 = 0.93) was signiﬁcantly lower than the DT50
in FFM mesocosms (DT50 = 59.24 d [CI 51.7–69.4], n = 35, R2 = 0.94)
(F = 27.29, p b 0.001). This difference became more pronounced
when the total amount of PYR in the mesocosms was considered instead
of the measured concentrations: again a signiﬁcantly faster dissipation
of the total amount of PYR was observed in COI mesocosms (DT50 =
35.42 d [CI 31.3–40.8], R2 = 0.93) when compared to FFM mesocosms
(DT50 = 55.36 d [CI 44.9–72.3], R2 = 0.86) (F = 35.32, p b 0.001).
3.2. Physico-chemical conditions in the mesocosms
Three-dimensionality was the best conﬁguration (NMDS Kruskal
test, minimum stress value = 0.07) to scale the physico-chemical
dataset (summarized in Table 1). Altogether, PC1, PC2 and PC3 explained 71% of the total variation of the physico-chemical dataset. The
eigenvalue for PC1 was 7.5 (which explains 35.7% of the total variation),
for PC2 4.1 (19.6%), and for PC3 3.3 (15.7%). Physico-chemical dataset
grouping with regard to PYR treatment was not apparent. The
physico-chemical condition of the mesocosms was, however, strongly
related to ecoregion and season (Fig. 2). At the start of the mesocosm
experiment Portugal experienced a typical 3-month summer heat period, with air temperatures up to 37.2 °C and absence of rain. As a consequence, strong evaporation took place, as indicated by the strong
decrease of the water volume (1054 L to 830 L during those three
months; coefﬁcient of variation (CV) = 12.6%). In contrast, heavy rainfall occurred in Germany during the ﬁrst week post PYR application.
Nevertheless, FFM mesocosm water volume during the ﬁrst 3 months
of the experiment (from day 0 to 90: 1054 L; CV = 2.12%) was not
strongly affected by average precipitation.
The NMDS three-dimensional ordination diagram revealed a strong
separation of environmental data monitored in both COI and FFM (data
not shown). Similarly, PC1 divided the dataset into “ecoregional seasons” (Fig. 2). The highest PC1 eigenvectors (≥│−0.28│) were calculated for oxygen concentration and saturation (5 cm beneath the
surface and at a 50 cm depth), conductivity (at a 50 cm depth and at
the bottom), and pH (at a 50 cm depth). These parameters followed a

site-speciﬁc seasonal pattern with lower variability in COI than in
FFM. In general, oxygen saturation, as water temperature at a 50 cm
depth, was higher in COI than in FFM mesocosms (Table 1). Visibility
in COI was always equivalent to water depth, but visibility in FFM was
≥20 cm less than water depth at days 14, 29, 182, and 322.
PC2 appeared to be representative of “micro-stratiﬁcation”, as the
highest PC2 eigenvectors (≥│−0.24│) were for oxygen saturation (all
depths), temperature (all depths) and visibility (in COI equivalent to
water volume) (Fig. 2A). Characteristic of both study sites were strong
increases of oxygen saturation and pH from winter to spring (particularly just above the sediment) (Table 1). Thermal micro-stratiﬁcation
with the highest temperatures at the water surface occurred particularly in COI during spring, summer and autumn (Fig. 3A). Together
with high air temperature, strong evaporation and thermal stratiﬁcation, water volumes reduced in spring and autumn and light intensity
strongly decreased with water depth in COI mesocosms during spring,
summer and autumn (Fig. 3A, Table 1). In FFM, light and temperature
measured at three water depths were almost the same in spring and autumn, whereas thermal micro-stratiﬁcation in summer was characterized by a 1–2 °C spring difference between bottom and surface water
(Fig. 3B, Table 1). Ice coverage up to 26 cm thickness developed during
the winter season and caused thermal micro-stratiﬁcation with lower
water temperatures directly below the ice cover (0.42 ± 0.5 °C) and
higher temperatures just above the sediment (1.40 ± 0.44 °C)
(Table 1, Fig. 3B).
PC3 was mainly dominated by water volume, visibility, oxygen concentration and saturation (above the sediment), and total phosphorous
concentration (eigenvectors ≥│−0.31│), and was therefore
denominated “eutrophication status” (Fig. 2B). In general, nutrient concentrations were the lowest and nitrate:phosphate ratios the highest in
COI mesocosms in autumn 2011 and spring/summer 2012 (Table 1). In
a PC analysis with only ammonium, nitrate, nitrite and phosphorous
concentrations (eigenvalue of PC(N+P)1 = 1.55, explaining 38.9%
of total variation; eigenvalue of PC(N+P)2 = 1.08, 27.1%; eigenvalue of
PC(N+P)3 = 0.82, 20.4%), phosphate dominated the PC(N+P)1 ordination
axis (eigenvector = 0.64), nitrate the PC(N+P)2 axis (eigenvector =

Table 1
Average seasonal physico-chemical parameters (mean ± standard error) measured in the short-term (Aug - Oct 2011) and long-term (Nov 2011 - Jul 2012) time periods in all six
mesocosms per study site (COI - Coimbra, Portugal; FFM - Frankfurt am Main, Germany). Nitrogen and phosphorous values were measured in integrated mesocosm water column samples,
and displayed oxygen saturation, temperature, conductivity, and pH at 50 cm water depth. Volume (calculated from the water depth), visibility, thermal micro-stratiﬁcation (different
temperatures at three water depths), and ice coverage are additionally reported.
Parameter

Study site

Aug - Oct 2011

Feb - Apr 2012

May - Jul 2012

Ammonium
[mg L−1]
Nitrate
[mg L−1]
Nitrite
[mg L−1]
Phosphate
[mg L−1]
Nitrate:phosphate ratio

COI
FFM
COI
FFM
COI
FFM
COI
FFM
COI
FFM
COI
FFM
COI
FFM
COI
FFM
COI
FFM
COI
FFM
COI
FFM
COI
FFM

0.021 ± 0.002
0.020 ± 0.001
0.023 ± 0.001
0.031 ± 0.002
0.041 ± 0.005
0.040 ± 0.004
0.269 ± 0.014
0.292 ± 0.024
0.230 ± 0.013
0.455 ± 0.025
0.407 ± 0.024
0.337 ± 0.021
0.002 ± 0.000
0.001 ± 0.000
0.002 ± 0.000
0.009 ± 0.001
0.012 ± 0.001
0.017 ± 0.002
0.016 ± 0.003
0.240 ± 0.115
0.014 ± 0.002
0.236 ± 0.029
0.349 ± 0.037
0.571 ± 0.049
16.8:1
1.22:1
16.4:1
1.93:1
1.17:1
0.59:1
77.05 ± 1.64
78.56 ± 1.47
95.11 ± 1.55
48.74 ± 1.96
44.32 ± 2.44
78.20 ± 2.81
20.29 ± 0.29
8.83 ± 0.34
11.00 ± 0.47
17.02 ± 0.35
9.88 ± 0.58
9.19 ± 0.47
206.3 ± 2.8
225.2 ± 2.3
208.7 ± 2.6
258.4 ± 1.5
266.0 ± 2.0
250.7 ± 4.2
8.61 ± 0.05
8.00 ± 0.03
8.56 ± 0.05
8.44 ± 0.06
8.15 ± 0.05
8.55 ± 0.08
828.8 ± 11.4
1047 ± 10.3
1014 ± 9.6
1046 ± 2.3
1119 ± 10.8
1230 ± 5.5
51.6 ± 6.51
65.2 ± 5.43
63.2 ± 5.08
62.2 ± 13.22
70.2 ± 11.6
81.1 ± 8.89
day 0 → 69 and day 186 → 350 (upper 5 cm = warmest part)
day 147 → 196 (upper 5 cm = coldest part)
day 280 → 287, day 308 → 336, day 352 (upper 5 cm = warmest part)
no
0.1 (100) → 0.3 (107), 7.6 (163) → 0.5 (170), 3.8 (177) → 22.8 (191)

0.027 ± 0.001
0.020 ± 0.001
0.271 ± 0.016
0.406 ± 0.020
0.005 ± 0.001
0.007 ± 0.001
0.027 ± 0.005
0.644 ± 0.047
10.0:1
0.63:1
74.49 ± 4.46
73.14 ± 3.90
21.35 ± 0.13
18.87 ± 0.23
208.6 ± 4.6
186.2 ± 2.2
8.47 ± 0.10
9.46 ± 0.05
933.4 ± 19.4
1190 ± 2.8
58.1 ± 9.28
73.1 ± 12.7

Oxygen saturation
[%]
Temperature
[°C]
Conductivity
[μS cm2]
pH
Volume
[L]
Visibility
[cm]
Thermal micro-stratiﬁcation

Ice coverage
[cm (at day x)]

COI
FFM

Nov 2011 - Jan 2012
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light intensity [lux]

A COI, zone "South"

beneath surface

at 50cm depth
at bottom

A S O N D J

F M A M J

J

light intensity [lux]

B FFM, zone "Centre"

beneath surface
at 50cm depth
at bottom

A S O N D J

F M A M J

J

Fig. 3. Light intensity at different water depths. Light intensity [daily mean; lux] beneath
water surface, at 50 cm depth and at the bottom of mesocosms in A) COI (n = 6) and
B) FFM mesocosms (n50cm = 6, nsurface, bottom = 2). Months displayed at x-axis are
abbreviated (from August-A to July-J). COI - Coimbra, Portugal; FFM - Frankfurt am Main,
Germany; triple lines - thermal micro-stratiﬁcation; snowﬂakes - ice coverage of mesocosms.

Fig. 2. Structure of physico-chemical parameters. Ordination plots of principal component
(PC) analysis showing the conﬁguration of the physico-chemical dataset: A) Seasonal
clusters in ordination space PC1 and PC2; B) Ecoregional clusters in ordination space
PC1 and PC3. Vectors indicate an increasing macroalgal (green algae-GR) or macrophyte
(Myriophyllum-MY, Potamogeton-POT) coverage and increasing chlorophyll-a (Chla) or
silicium oxide (SiO2) concentration in association with the ordination axes (Spearman
correlation). COI - Coimbra, Portugal; FFM - Frankfurt am Main, Germany; C - control;
PYR - pyrimethanil treatment.

0.74) and ammonium the PC(N+P)3 axis (eigenvector = 0.78). The same
structuring of nitrogen and phosphate data resulted from NMDS,
whereas the Kruskal stress test supported the three-dimensional structuring of the nutrient dataset (stress = 0.07).
3.3. Effects of pyrimethanil on phytoplankton indicators
There was a signiﬁcant positive correlation between chlorophyll-a
and SiO2 concentrations (Spearman r = 0.19, p = 0.007). The dynamics
of these phytoplankton indicators differed strongly between ecoregions
and seasons (Table 2; Spearman r for relationship between SiO2 and
PC1 axis entitled “ecoregional seasons” = 0.59). The factor PYR treatment
did not signiﬁcantly inﬂuence the phytoplankton indicators (p = 0.31
and 0.52, Table 2, Fig. 4). In COI the low concentrations of chlorophyll-a
indicate the presence of few green algae, while the low concentrations
of SiO2 indicate a high abundance of diatoms (Fig. 4A, C). The
chlorophyll-a concentration was below 1 μg L−1 until the end of March

2012 (except for one C and one PYR treated mesocosm once in August
2011), but increased up to 3.57 ± 1.09 μg L−1 (C) and 2.81 ± 1.14
μg L−1 (PYR) by experimental day 328 (June/July 2012; Fig. 4A). SiO2,
with an initial concentration of 2.11 ± 0.02 mg L−1, decreased to nearly
zero (0.15 ± 0.02 mg L−1) by day 188 (mid-February 2011), but recovered slightly from day 300 (beginning of June 2012) onwards, with the
maximum SiO2 concentrations of 0.89 ± 0.32 mg L−1 (C) and 0.41 ±
0.13 mg L−1 (PYR) occurring on day 316 (mid-June 2012; Fig. 4C). In contrast, very high concentrations of both microalgal chlorophyll-a (up to
211.6 ± 0.16 μg L−1) and SiO2 (up to 8.40 ± 0.65 mg L−1) were measured
in FFM mesocosms (Fig. 4B, D). Microalgal chlorophyll-a peaked between
days 90 and 120 (beginning of November to beginning of December
2011) and between days 320 and 340 (end of June to mid-July 2012;
Fig. 4B), while SiO2 peaked between days 50 and 110 (end of September
to end of November 2011; Fig. 4D). Shortly prior to the start of the experiment, the microalgal chlorophyll-a concentration was higher in C than in
PYR mesocosms (Fig. 4A, C). On the other hand, the number of microalgal
cells N63 μm and the chlorophyll-a content of green algae Volvox spp.
were higher in PYR mesocosms (cp. Figs. 4, 5). However, such differences
between mesocosms completely disappeared one week after PYR application at the latest.
In general, the microalgal chlorophyll-a concentration was found
to be correlated to the “eutrophication status” (PC3; Spearman r =
−0.63), whereas SiO2 was correlated to “ecoregional seasons” (PC1;
Spearman r = −0.59) and “thermal micro-stratiﬁcation” (PC2; Spearman r = −0.49; Fig. 2). When including only the nitrogen and
phosphate datasets in the ordination analysis, the chlorophyll-a concentration was found to be correlated to PC(N+P)1 (dominated by phosphate, Spearman r = −0.61) and the SiO2 concentration to PC(N+P)2
(dominated by nitrate, Spearman r = −0.49).
3.4. Effects of pyrimethanil on the development of structural macroalgae
and plants
Sizeable amounts of macroalgae were not detected in COI
mesocosms until the end of September 2011 (mixture of mainly
Oedogonium capilliforme var. diversum and some ﬁlaments of Cladophora

988

R. Müller et al. / Science of the Total Environment 665 (2019) 982–994

Table 2
Statistics for monitored phytoplankton, macroalgal and macrophyte data (individually and combined) during one year post pyrimethanil application and ﬁnal biomass harvest in
mesocosms placed in two European ecoregions (South and Centre zones). Chlorophyll-a and Silicium oxide (SiO2) concentrations and the coverage of water surface by Myriophyllum
spicatum or mat-forming green algae were tested for single and interactive effects of pyrimethanil, ecoregion and experimental time with multifactorial PerMANOVA. The total biomass
of macroalgae and plants harvested one year after pyrimethanil application was tested for single and interactive effects of ecoregion and pyrimethanil with a two-factorial ANOVA.
Parameter

Source of
variation

PYR

Ecoregion

Time

PYR ×
ecoregion

PYR ×
Time

Ecoregion ×
time

PYR × ecoregion ×
time

Residuals

Total

Chlorophyll-a [μg L−1]

df
SS
MS
Pseudo-F
p (MC)
df
SS
MS
Pseudo-F
p (MC)
df
SS
MS
Pseudo-F
p (MC)
df
SS
MS
Pseudo-F
p (MC)
df
SS
MS
Pseudo-F
p (MC)
df
SS
MS
Pseudo-F
p (MC)
df
SS
MS
F
p

1
2.04
2.04
1.05
0.31
1
0.12
0.12
0.43
0.52
1
41.3
41.3
9.26
0.006
1
3.47
3.47
1.52
0.22
1
6.63
6.63
5.82
0.021
1
53.6
53.6
5.30
0.005
1.00
0.18
0.18
0.54
0.48

1
532
532
273
≤0.001
1
23.5
23.5
85.5
≤0.001
1
221
221
49.6
≤0.001
1
141
141
61.7
≤0.001
1
608
608
533
≤0.001
1
1526
1526
151
≤0.001
1.00
13.1
13.1
38.6
b0.001

13
165
12.71
6.53
≤0.001
13
71.4
5.5
20.0
≤0.001
13
103
7.95
1.78
0.052
13
157
12.1
5.28
≤0.001
13
266
20.5
18.0
≤0.001
13
763
58.7
5.81
≤0.001

1
3.53
3.53
1.81
0.20
1
0.46
0.46
1.68
0.18
1
0.16
0.16
0.04
0.85
1
13.3
13.3
5.81
0.020
1
7.38
7.38
6.47
0.011
1
24.8
24.8
2.46
0.056
1.00
0.02
0.02
0.06
0.82

13
25.0
1.92
0.99
0.46
13
0.80
0.06
0.22
1.00
13
37.6
2.89
0.65
0.81
13
25.5
1.96
0.86
0.60
13
14.7
1.13
0.99
0.45
13
104
7.97
0.79
0.83

13
142
10.9
5.62
≤0.001
13
7.24
0.56
2.03
0.027
13
159
12.2
2.74
0.006
13
66.7
5.13
2.24
0.016
13
211
16.3
14.25
≤0.001
13
586
45.1
4.46
≤0.001

13
27.1
2.09
1.07
0.39
13
2.89
0.22
0.81
0.64
13
21.2
1.63
0.37
0.98
13
3.02
0.23
0.10
1.00
13
11.3
0.87
0.76
0.68
13
65.5
5.04
0.50
1.00

112
218
1.95

167
1115

112
30.8
0.28

167
137

112
499
4.46

167
1083

112
256
2.29

167
666

112
128
1.14

167
1253

112
1132
10.11

167
4254

SiO2 [mg L−1]

Green macroalgal coverage [%]

M. spicatum coverage [%]

Potamogeton spp. coverage [%]

Combined monitoring data

Total biomass of vegetation 12 month post PYR application

8.00
2.72
0.34

PYR - pyrimethanil treatment, df - degree(s) of freedom, SS - sum of squares, MS - mean of squares, Pseudo-F - Pseudo-F-ratio derived from permutated mean squares (999 permutations),
p(MC) - probability calculated by Monte-Carlo test (signiﬁcant values in bold).

and Spirogyra; Fig. 6A). In contrast, 7.5 ± 7% of the water surface of FFM
mesocosms was covered by green macroalgae at the beginning of the
experiment (Fig. 6B). Between days 200 and 230 (March 2012) the coverage of mesocosm water surfaces by green macroalgae started to increase, reaching 15% in COI (in two out of six mesocosms), or a 50 to
95% coverage in FFM (in ﬁve out of six mesocosms) by the end of the experiment (Fig. 6B). PYR treatment signiﬁcantly inﬂuenced the coverage
of the water surface by green macroalgae as a single factor and interactively with ecoregion (p = 0.006 in both situations, Table 2). Between
day 214 and the end of the experiment (March to July 2012), the average macroalgal coverage (mean ± standard error) in C was 5.0 ± 3.4%
(COI) and 20 ± 6.5% (FFM), on average lower than in PYR treatments
(COI: 16 ± 12%; FFM: 33 ± 15%).
The coverage of M. spicatum in COI mesocosms ranged between 20
and 60%, with peaks in autumn 2011 and summer 2012 (Fig. 6C). In contrast to the more or less stable M. spicatum coverage in COI, its coverage
in FFM mesocosms ranged from 25 to 50% at experimental start and decreased to zero during winter due to mesocosms ice coverage (maximal
ice thickness = 25.8 ± 3.7 cm in mid-February 2012, Table 1, Figs. 3,
6D). Myriophyllum spicatum reappeared at the surface during the following spring with a ﬁnal, slightly increased surface coverage of 40 to
60% (Fig. 6D). At the end of the experiment, 22% less surface was covered by M. spicatum in the PYR treated FFM mesocosms when compared
to C, while there was no difference in the M. spicatum coverage between
C and PYR treated mesocosms in COI (Fig. 6C, D). In general, a sitespeciﬁc PYR effect was found to be signiﬁcant (p = 0.02, Table 2).

Additionally, the M. spicatum coverage was correlated to the
“thermal micro-stratiﬁcation” of the physico-chemical dataset (PC2;
Spearman r = 0.31).
The Potamogeton spp. coverage was signiﬁcantly inﬂuenced by PYR,
both acting as a single factor (p = 0.021) and in interaction with
ecoregion (p = 0.011) (Table 2). Even though P. poligonifolius covered
up to 65% of COI mesocosms during autumn 2011, this species lost its
leaves in the winter season (zero coverage; Fig. 6E). In spring,
P. poligonifolius reappeared at the surface and coverage increased in
summer 2012. Potamogeton poligonifolius did not respond to PYR treatment, which was not the case of the sister species P. pusillus monitored
in the FFM mesocosms (Fig. 6E, F). The coverage of P. pusillus was not
detectable in FFM mesocosms during the ﬁrst half of the experiment
(autumn 2011, winter 2011/2012), but covered on average 10% of the
bottom of C mesocosms and no N5% of PYR treated systems during
spring and summer 2012 (Fig. 6F).
The coverages of the macrophytes M. spicatum and Potamogeton spp.
were correlated to nutrients in meso- to polytrophic mesocosms (in
compliance with Schwörbel, 1999) as indicated by Spearman correlations to the “eutrophication status” (PC3; Spearman rgreen macroalgae =
−0.42, rM. spicatum = 0.34, rPotamogeton spec. = 0.43); PC(N+P)1 dominated
by phosphate (Spearman rgreen macroalgae = −0.33, rM. spicatum = 0.31,
rPotamogeton spp. = 0.63); PC(N+P)2 dominated by nitrate (Spearman
rPotamogeton spp. = 0.33; Fig. 2). In addition, green macroalgae coverage
(Spearman r = −0.38, p ≤ 0.001) was positively, and macrophyte coverage of M. spicatum (Spearman r = −0.34, p ≤ 0.001) and Potamogeton
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Fig. 4. Phytoplankton (b63 μm) development during one year post pyrimethanil (PYR) application. Chlorophyll-a [μg L−1] and silicium oxide [mg L−1] concentrations (mean ± standard
error) monitored in A, C) COI and B, D) FFM mesocosms from August 2011 to July 2012 after single PYR application (0.73 or 0.77 mg L−1, vertical line). Months displayed at x-axis are
abbreviated (from August-A to July-J). Interrupted x-axis is related to missing data due to ice coverage of FFM mesocosms during December to February in 2011/2012. COI - Coimbra,
Portugal; FFM - Frankfurt am Main, Germany; white line and light grey shadow - control (C); black line and dark grey shadow - PYR treatment.

species (Spearman r = −0.51, p ≤ 0.001) negatively correlated to the
chlorophyll-a concentration. Only the coverage of Potamogeton spp.
was signiﬁcantly correlated to the SiO2 concentration (Spearman r =
−0.51, p(Potamogeton spec.) = 0.023, p(M. spicatum) = 0.07, p(macroalgae) =
0.19).

3.5. Effects of pyrimethanil on ﬁnal macroalgal and plant biomass

phytoplankton >63 µm
[cell number mL-1]

40 000

C
PYR

30 000
20 000

Volvox spp.
[µg chl-a L -1]

The ﬁnal total biomass of all structuring primary producers (COI: 1.2
± 0.57 kg fw; FFM: 3.3 ± 0.51 kg fw) differed strongly between
ecoregions (p b 0.001, Table 2), but the PYR treatment accounted for
only 1.14% of the total variation. However, a closer look at speciﬁc species revealed delayed and climate-dependent effects of PYR on the biomass of the most structuring plants and macroalgae 12 months after

4. Discussion

3
2

4.1. Pyrimethanil dissipation

1
0

10 000
0
A

S

O

PYR application (Fig. 7). One year after PYR application, R. circinatus biomass was detected exclusively at the bottom of FFM C ponds. In contrast, Cladophora biomass (forming green macroalgal mats mainly on
the surface of the sediment) was detected only in the PYR treated FFM
mesocosms at the end of the experiment. The biomass of FFM
M. spicatum was signiﬁcantly lower in PYR-contaminated mesocosms
(−552.3 g fw; Fig. 7). The effect of PYR on the biomass of Potamogeton
spp. was opposite in the two study sites: compared to respective C
mesocosms, P. polygonifolius biomass was signiﬁcantly higher (COI:
+50 g fw), but P. pusillus biomass signiﬁcantly lower (FFM: −133.7 g
fw) in the PYR treated mesocosms. An exception were the biomasses
of the submerse macrophyte C. demersum and of the ﬁlamentous
Oedogonium (forming green macroalgal mats mainly on the water surface) present in FFM mesocosms, which did not respond to the PYR
treatment.

N

D

Fig. 5. Development of FFM macroalgae (N63 μm) during ﬁve months post pyrimethanil
(PYR) application. Number of macroalgal cells N63 μm (mean ± standard error)
monitored in FFM mesocosms during ﬁve months post single PYR application in August
2011 (vertical line). Months displayed at x-axis are abbreviated (from August-A to JulyJ). FFM - Frankfurt am Main, Germany; white line and light grey shadow - control (C);
black line and dark grey shadow - PYR treatment. Insert: Chlorophyll-a content of Volvox
globator and V. aureus [μg chl-a L−1] calculated from a calibration curve of chlorophyll-a
content and Volvox spp. cell number (y = −178.0 + 4.77 × X; R2 = 0.99).

In Portugal, the initial heat period accelerated PYR DT50 by 15 d in
comparison to FFM. COI's faster dissipation becomes even more striking
if the strong evaporation during the ﬁrst three months in Portugal is
taken into consideration, i.e., the PYR amount variation was not inﬂuenced by water volume changes (difference in DT50 (PYR amount) ≈ 20
d). A meta-analysis of mesocosm experiments in cold-temperate
to tropical ecoregions demonstrates that chemical pollutants often
degrade signiﬁcantly faster in warmer ecoregions and hence are less
available to produce stress, but a pattern of faster pesticide dissipation
in warmer ecoregions is not consistent across study cases (Daam and
van den Brink, 2010). Besides, PYR is not readily biodegradable, has a
low mineralization, and its dissipation is mainly attributed to
degradation by photolysis or adsorption to the sediment (EFSA, 2006;
EU, 2017).
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Fig. 6. Macrophyte development during one year post pyrimethanil (PYR) application. Coverage of water surface [%] by A, B) ﬁlamentous green algae, C, D) Myriophyllum spicatum,
E) Potamogeton poligonifolium and F) coverage of the bottom by Potamogeton pusillus (mean ± standard error) monitored in COI (A, C, E) and FFM (B, D, F) mesocosms during August
2011 and July 2012 after single PYR application. The single PYR application took place in August 2011 (vertical line). Months displayed at x-axis are abbreviated (from August-A to
July-J). Interrupted x-axis is related to missing data due to the ice coverage of FFM mesocosms during December to February in 2011/2012. COI - Coimbra, Portugal; FFM - Frankfurt
am Main, Germany; white line and light grey shadow - control (C); black line and dark grey shadow - PYR treatment.

4.2. Pyrimethanil toxicity to phytoplankton
Intra- and interspeciﬁc variation in fungicide toxicity is an important
factor to be considered in the ERA of fungicides in aquatic ecosystems
(Maltby et al., 2009; Seeland et al., 2012, 2013). Reported PYR EC50
values for green phytoplankton model species belonging to the family
Scenedesmaceae range between 10 and 30 mg L−1 (Verdisson et al.,
2001; Seeland et al., 2012; Scherer et al., 2013). Nonetheless, the pelagic
green alga Raphidocelis subcapitata revealed low PYR effect concentrations in standard laboratory tests (96 h EC50 biomass = 1.2 mg L−1,
University of Hertfordshire, 2013; 96 h EC50 growth rate =
5.84 mg L−1, EFSA, 2006; 72 h EC50 growth rate = 5.52 mg L−1, EU,
2017). The growth of R. subcapitata was moreover signiﬁcantly
inhibited by 1.4 mg L−1 of PYR-treated water in mesocosms located in
a sub-tropical region of Brazil, although the microalgal toxicity of PYRtreated water sampled 10 d later (0.78 mg L−1) was strongly attenuated
(Shinn et al., 2015). At a similar concentration in our study (0.73 to
0.78 mg L−1), the phytoplankton parameters chlorophyll-a and SiO2
were not affected by PYR. Also, according to the EU (2017) the

regulatory acceptable concentration (RAC) for algae (EC50/10) would
be 0.5 mg L−1, which is below our PYR tested concentration, thus suggesting that the RAC for algae is protective, even for worst-case contamination scenarios. Possibly, this lack of effects on the latter parameters
and thus apparently on phytoplankton was ruled by functional redundancy, although data on phytoplankton composition would be required
to elucidate this issue.
4.3. Effects of nutrients on phytoplankton - macrophyte coexistence
The nutrient status (phosphate; nitrate:phosphate ratio) in the
water phase was comparable between COI (0.240 ± 0.115 mg L−1;
1.22:1) and FFM (0.349 ± 0.037 mg L−1; 1.17:1) during the period of
lowest biological activity (November to January). Thus, the mesotrophic
nutrient status during spring, summer and autumn should be related to
a stronger absorption of nutrients in biological compartments in COI
than in FFM. The ecoregion-speciﬁc coexistence of phytoplankton and
macrophyte species was, in fact, correlated with the concentration of nitrate and phosphate (Fig. 2). In the natural environment, green algal
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2012 (Table 1, Fig. 4A). In contrast, in FFM the high chlorophyll-a concentrations in summer 2012 were concomitant with peaks of macrophyte coverage, increased light intensity and thermal microstratiﬁcation (Figs. 3B, 4B, 6B).
4.5. Pyrimethanil toxicity to macroalgae and macrophytes
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zone "Centre"
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991
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Fig. 7. Macrophyte biomass one year after pyrimethanil (PYR) application. Final biomass
harvest [mean ± standard deviation g fresh weight; log scale] of structuring plants and
mat-forming green algae 12 months post single PYR application in mesocosms located
in the zone “South” and “Centre”. COI - Coimbra, Portugal; FFM - Frankfurt am Main,
Germany; 0 - not detected. Statistics: t-test with ★ indicating p-value b 0.05.

phytoplankton productivity is frequently phosphate-limited (Schindler,
1977). This was certainly not the case in polytrophic FFM mesocosms,
but it probably occurred in COI mesocosms with mesotrophic conditions except for the polytrophic winter season (Table 1, Figs. 4, 5). The
same counterbalance between green algal phytoplankton (chlorophyll-a) and macrophytes may be experimentally induced by different
nutrient (N and/or P) inputs, associated with high nutrient levels;
green algal phytoplankton and epiphyte densities increased, but
P. perfoliatus growth and biomass decreased (Neundorfer and Kemp,
1993).
4.4. Effects of macrophytes on light environment and micro-stratiﬁcation
Beneath the thick ﬂoating leaves of P. poligonifolius in COI, light intensity (Figs. 3A, 6E) and spectral light quality (Sand-Jensen and
Søndergaard, 1981) were reduced. Diatoms may beneﬁt from the shading effects of P. poligonifolius because they are generally more adapted to
low-light conditions than unicellular green algae and cyanobacteria
(Schwaderer et al., 2011). Due to reduced light penetration, photosynthesis of submersed macrophytes is reduced under thick ﬂoating mats
(Sand-Jensen, 1990). Moreover, it is well known that the shading of
submerged macrophytes often results in reduced macrophyte biomass
(Janes et al., 1996), which is in accordance with our macrophyte biomass data. However, the lower biomass in the warmer ecoregion
(COI) may contrast with the study of Feuchtmayr et al. (2009). These
authors observed a higher macrophyte biomass - although only for
ﬂoating species and not for other macrophytes - in mesocosms heated
to 4 °C above the normal environmental temperature. Total macrophyte
biomass in a similar mesocosm study was not affected by a 3 °C
summer-only or continuous warming (McKee et al., 2003).
Floating vegetation (ﬂoating leaves, algal mats) can reduce gaseous
exchange at air-water and water-sediment interfaces and prevent the
wind-circulation needed for nutrient and thermal mixing, thus
disrupting nutrient cycling and supporting thermal microstratiﬁcation (Room and Kerr, 1983). One may suggest that the thermal
micro-stratiﬁcation during spring, summer, and autumn, as well as the
high nitrate:phosphate ratio, and the lower phosphate concentrations
observed in COI mesocosms may be at least partly related to the ﬂoating
leaves of P. poligonifolius (Figs. 2A, 3A, 6E). The diatom-dominated phytoplankton community in COI mesocosms (as indicated by low SiO2
concentrations) was associated with the coverage of P. poligonifolius
(Figs. 2, 4). Nutrient limitations in the upper layers of Portuguese
mesocosms due to (P. poligonifolius-supported) micro-stratiﬁcation
may have prevented chlorophyll-a peaks in autumn 2011 and spring

The effects of PYR on macroalgae and macrophytes in mesocosm
communities revealed to be extremely long-lasting/delayed,
ecoregion-speciﬁc, and most probably exacerbated by indirect effects
due to interspeciﬁc interactions, not independent of the physicochemical environment. Most of the structuring plants and macroalgae
responded 9 to 12 months after a single PYR application (when PYR exposure levels were lower than those effectively causing the effect, most
likely in spring), even if the measured endpoints were not based on absolute quantities but error-prone visual estimates of percentage coverage (Table 2, Figs. 6, 7). At the FFM study site, the growth and biomass
of M. spicatum and predominantly that of P. pusillus were strongly impaired in the PYR treatment, whereas R. circinatus even became extinct
in PYR-treated mesocosms in b12 months after the single PYR application. In contrast, the abundant mat-forming ﬁlamentous green
macroalgae seem to be tolerant to PYR (≤0.8 mg L−1), their growth
beneﬁting (at least indirectly) from fungicide pollution in both
ecoregions. In FFM, signiﬁcant macrophyte growth took indeed place
in weeks 8 to 12 after PYR application (Fig. 6). Furthermore, in Lake
Wingra, located inside the city limits of the U.S. city of Madison
(Wisconsin), with cold-temperate climate, Adams and McCracken
(1994) detected an increase in M. spicatum biomass from July to September and the highest photosynthesis of M. spicatum between the
end of July and the end of September. The effects of PYR on macrophytes
can thus be identiﬁed as long lasting, or at least delayed. It is likely that
such effects arose from the low sensitivity of the variable coverage to
stress factors, taking time to be visible, together with the availability
of PYR from the pore water, despite low concentrations in the water
column.
Our results on macroalgae and macrophytes are in agreement with
those observed on the macroinvertebrate community and on bioﬁlm
and organic matter processing within the same mesocosm study. PYR
effects on macroinvertebrate richness and diversity were only observed
in FFM and long-lasting, although short-term effects on trophic functioning (i.e., feeding groups) were observed in both ecoregions (van
der Linden et al., under review). In a complementary study conducted
only in COI, short- and long-term PYR effects were observed on fungi
and macroinvertebrates associated with decomposing alder leaves,
but, although organic matter decomposition was not affected, probably
because bacteria were the main drivers, the proportion of fungi and bacteria in the bioﬁlm was affected (Abelho et al., 2016).
4.6. Synergistic effects of pyrimethanil and resource competition
High phosphate levels in FFM mesocosms certainly did not impair
P. pusillus, as it is known that P. pusillus replaced ﬁlamentous green
algae (Cladophora glomerata, Zygnetomatales, Oedogoniales) at increasing phosphorous levels in eutrophic ditches in the Netherlands
(Table 2; Simons, 1994), and both P. pusillus and R. circinatus are classiﬁed as indicator species for aquatic environments with high nutrient
levels (Melzer, 1999). Thus, it is possible that the adverse PYR effects
on macrophytes detected exclusively in zone “Centre” (FFM) were determined by the synergistic stress effects of the fungicide and a resource
competition with ﬁlamentous green macroalgae for the same ecological
niche - the space above the sediment. Probably, due to Cladophora photosynthesis and associated carbon adsorption, the pH strongly increased
in FFM mesocosms during spring and summer 2012 (Table 1; Simpson
and Eaton, 1986). The parallel carbon dioxide reduction in the water
layer above the sediment may have impaired the photosynthesis of
macrophytes P. pusillus and R. circinatus, giving them a competitive
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disadvantage (Simpson and Eaton, 1986). The photosynthetic capacity
and photochemical quenching were impaired in a number of macrophytes and their non-photochemical quenching was stimulated by
≥0.2 mg PYR L−1 (lowest investigated concentration; Dosnon-Olette
et al., 2009), at similar concentrations measured in FFM mesocosms
until January 2012 (mean ± standard deviation: 0.204 ±
0.066 mg PYR L−1). Also, although allelopathy is of particular importance for early M. spicatum growth, as it may suppress the growth of
phytoplankton, ﬁlamentous green and blue algal species (Gross
et al., 1996; Nakai et al., 1999; Körner and Nicklisch, 2002), our results suggest a less effective photosynthesis of M. spicatum in the
presence of PYR, resulting in less metabolic energy in spring, precisely at the time when high energy is required for defensive allelopathic activities against massive phytoplankton and epiphyte
development (Gross, 2000). Thus, the synergistic effects of the fungicide and competition may explain PYR adverse effects on the keystructural macrophyte M. spicatum. Alternatively, the weaker effects
of PYR on M. spicatum in COI mesocosms could be the result of less
competition due to lower plant diversity, as well as of an advanced
metabolism (including detoxiﬁcation processes) under a warmer
temperature in accordance with the van't Hoff principle Q10 (Grace
and Wetzel, 1978), though the faster PYR dissipation from the
water phase in COI was probably a strong reason for such results in
the warm ecoregion.
Green macroalgal mats at the water surface may also have successfully competed with M. spicatum in the PYR-treated FFM mesocosms.
Filamentous Oedogonium is indicative of moderately eutrophic and mesotrophic freshwaters (Figs. 2, 5; cp. Simons, 1994). Indeed, M. spicatum
was found to be likewise correlated to “eutrophication status” and
“phosphate” ordination axes, but the correlations are in the opposite direction (Fig. 2; Melzer, 1999). In parallel to nutrients, the response of
M. spicatum to PYR exposure is opposite to that of ﬁlamentous green
macroalgae (Fig. 7). Thus, the suppression of M. spicatum coverage
and biomass may not arise from direct PYR effects only (Table 2), but
rather from indirect interactive effects of eutrophication and/or competition with ﬁlamentous green macroalgae tolerant of water contaminated with ≤0.8 mg L−1 PYR.

4.7. Direct versus indirect fungicide effects
In our study, PYR acted not as a single factor but in alliance with the
ecoregion-speciﬁc physico-chemical environment and interspeciﬁc interactions. Maltby et al. (2009) concluded that ecotoxicological values
derived from single-species acute toxicity tests are protective for adverse ecological effects of a number of fungicides. The fungicide
chlorothalonil at ecologically relevant concentrations on warmtemperate mesocosm communities caused direct effects on different
freshwater taxa, thus on biodiversity, indirectly affecting indicators
of ecosystem functions (McMahon et al., 2012). Furthermore, beneﬁcial effects of the fungicide carbendazim on primary producers in
tropical and temperate freshwater microcosms are suggested to be
based on indirect alterations of physico-chemical conditions and
pathogen removal from macrophytes (van den Brink et al., 2000;
Daam et al., 2010). In contrast, in the Netherlands, with a moderate
maritime climate, the direct effects of the herbicide linuron on the
growth of Chlorella vulgaris masked an increase in the concentration
of nutrients caused by a decline in the growth of the macrophyte Elodea sp. (Slijkerman et al., 2005). Also in the Netherlands, the direct
effects of the fungicide metiram on several phytoplankton taxa diminished rapidly over a few weeks, probably as an indirect effect of
altered prey-predator interactions (Lin et al., 2012). The frequently
detected indirect and time-dependent effects of pesticides on
aquatic biodiversity in mesocosms placed in different ecoregions
imply that mesocosm experiments are an essential tool in the
aquatic ERA of fungicides in all ecoregions.

5. Conclusions
The present study adds valuable knowledge regarding the potential
risks of the fungicide PYR to freshwater ﬂora in two European
ecoregions, which may be considered for aquatic ERA.
(1) The low vulnerability of phytoplankton to PYR (≤0.8 mg L−1, approximately the tenfold of the PEC for surface waters nearby
apple orchards) seems to be universal, given its low toxicity in
single species tests and the similar responses of very dissimilar
phytoplankton communities (here characterized in terms of
green microalgae and diatoms) in distinct ecoregions.
(2) PYR pollution causes long-lasting/delayed direct and indirect effects on ﬁlamentous macroalgae and rooted macrophytes, important aquatic structural components in freshwaters. A
misbalance in community structure was observed no earlier
than nine months after the single PYR application.
(3) Myriophyllum spicatum has been proposed as a new model species for the ecotoxicological test battery of the aquatic ERA of pesticides (OECD, 2013). PYR effects on this keystone species were
only detected in a competitive situation with ﬁlamentous
green-algae during spring and summer in the year following
the contamination event. It should be noted that such indirect
and delayed effects cannot be detected in short-term, singlespecies tests.
(4) An ecotoxicological impact of PYR on macrophyte biomass and
growth was evidenced in the zone “Centre” but not for aquatic
primary producers in zone “South”. This result implies that, on
the one hand, the current ERA of PYR based on cold-temperate
primary producers is protective for zone “South”; and that, on
the other hand, mesocosm studies are highly recommended for
fungicide ERA to secure macrophyte diversity in European freshwaters and elsewhere.
(5) Effects of PYR on primary producers in macrophytedominated mesocosm communities were detected no earlier
than approximately nine months post single fungicide application. The presence or absence of extremely long-lasting/
delayed PYR effects depended on the ecoregion-speciﬁc
physico-chemical environment, the species, and the interspeciﬁc competitive situation.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.02.050.
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