Machate et al. Environ Sci Eur (2021) 33:57 . .
https://doi.org/10.1186/512302-021-00500-3 © Environ mental Sciences Eu rope

RESEARCH Open Access

Evidence for antifouling biocides as one s

of the limiting factors for the recovery
of macrophyte communities in lakes
of Schleswig-Holstein

Oliver Machate'*'®, Julian Dellen'?, Tobias Schulze' ®, Valerie Carolin Wentzky*®, Martin Krauss'® and
Werner Brack'~

Abstract

Background: The European Water Framework Directive (WFD) has been implemented to achieve a good ecological
status in European water bodies requiring macrophyte community assessment as one of the biological quality ele-
ments (BQEs). While in several lakes in Schleswig-Holstein (Germany) different BQEs improved within recent years, no
recovery of macrophyte communities in some lakes could be achieved, despite the reduction of nutrient input and
eutrophication. Due to the fact that no impairment of phytoplankton could be observed, toxic stress due to sediment
contamination was hypothesized as a possible limiting factor of macrophyte community recovery.

Results: Sediment toxicity was investigated by performing an extensive chemical screening of sediment contami-
nation and a risk assessment based on toxic unit (TU) summation, using equilibrium water concentrations and algal
toxicity as surrogates for lacking data on macrophyte toxicity. Possible indirect risks via toxic pressure on grazer were
assessed via TUs based on crustaceans. The study revealed algal TUs of more than one order of magnitude below
chronic toxicity thresholds in lakes with high and good status of the macrophyte community and increasing concen-
trations and frequency of exceedance of toxicity thresholds for lakes with moderate-to-bad status. The antifouling
biocides irgarol and diuron were identified as major risk drivers. In addition, PAHs and glyphosate could not be ruled
out to contribute to toxic pressure on macrophytes. Despite exceedance of toxicity thresholds for crustaceans, no
connection of the ecological status of the macrophyte communities with toxic risks to grazers could be observed.

Conclusions: Our study suggests that in a multiple pressure situation the toxic pressure created due to the contami-
nation of sediments with antifouling biocides is one of the limiting factors for the recovery of macrophyte communi-
ties in impaired lakes of Schleswig-Holstein. This finding is in agreement with a Europe-wide survey on almost 47,000
sites suggesting that no good ecological status can be observed at sites with contamination exceeding toxicity
thresholds. Similar to the survey, our study indicates additional stressors preventing the achievement of a good qual-
ity status of the lake ecosystems.
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supporting fishery and human recreation and as a source
of drinking water [1]. Thus, the European Water Frame-
work Directive (WFD) has been implemented in order
to maintain and achieve a good ecological status in all
European lakes and rivers. The directive addresses four
biological quality elements (BQE) including fish, inver-
tebrates, phytoplankton and macrophytes [2]. For the
state of Schleswig-Holstein (SH) (Germany), long-term
monitoring data on the ecological status of the many
lakes are available [3]. These data indicate that the BQE
phytoplankton improved considerably over the recent
years, while the same does not apply for the macrophyte
communities. Abundance, as well as species composition
of the underwater flora remains impoverished in many
lakes, even if nutrient input and eutrophication have
been reduced to a degree that should allow for a return
to healthy macrophyte communities. While eutrophica-
tion of the lake water, leading to reduced light conditions
due to increased algae growth, and the accumulation of
phosphorus in sediments are well known to affect the
state of macrophyte communities [4—6], also other fac-
tors including toxic stress need to be considered [7].

In addition to long-term impaired lakes, also one of the
lakes with the best preserved macrophyte community
of SH (Lake Suhrer), and entire Germany, experienced a
local macrophyte extinction in the year 2017 [7]. Due to
the proximity of the lake to agricultural fields and high
precipitation rates in 2017, pesticide runoff has been sug-
gested as a possible driver of this decline. Nutrients and
other typical factors that may limit the accomplishment
of a good status of the macrophyte communities could
be excluded. Since phytoplankton communities seemed
to be unaffected, the pollution of the water phase was
not expected to be the dominant exposure pathway. In
contrast to phytoplankton, macrophytes grow in direct
contact to sediments and may take up sediment-borne
pollutants via their roots [8, 9]. Based on the observations
in Lake Suhrer and the unexplained long-term impaired
lakes within SH, we hypothesized that sediment contami-
nation might be one of the drivers that limit the recovery
of the macrophyte communities and planned our study
accordingly. Toxic chemicals have previously been identi-
fied as drivers of risks to aquatic ecosystems [10], while
Posthuma et al. [11] demonstrated mixtures of chemicals
as a factor limiting the potential to reach a good ecologi-
cal status in surface waters on a European scale. How-
ever, it is often challenging to directly link adverse effects
on ecosystem integrity to the presence of toxic pollution
since ecological degradation is often the result of multi-
ple stressors simultaneously affecting organisms [12-14].

In the current study, we investigated whether sediment
contamination with pesticides, biocides and other chemi-
cals may be a driver for the degradation of macrophyte
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communities in several lakes in SH. The sediments of
eight lakes, covering different quality states with respect
to the macrophyte community, were subjected to an
extensive target screening of herbicides, biocides and
other plant protection products (PPP) complemented
with some markers for recent and legacy sediment con-
tamination such as polycyclic aromatic hydrocarbons
(PAHs), polychlorinated biphenyls (PCBs) and chlorin-
ated pesticides. This follows the assumption of a direct
impact of phytotoxins on the macrophyte community.
In addition, potential indirect toxic effects of chemicals
to crustaceans as proxies for grazers, which have been
reported to support regime shifts from macrophyte to
phytoplankton dominated ecosystems [15], were assessed
by including current-use insecticides in our analysis. Due
to a lack of toxicity data for macrophytes, assessments
were based on algal toxicity data. Considering their expo-
sure pathways, longer generation times and thus lower
recover rates, this indicates that macrophytes might be
even more sensitive to many chemicals than algae [16].
Assuming equilibrium-partitioning with sediment total
organic carbon (TOC), sediment concentrations were
used to estimate freely dissolved equilibrium concentra-
tions and calculate pollutant mixture effects according
to the model of concentration addition using cumulative
toxic units (TU) [17]. The herbicide glyphosate, which is
one possible cause of macrophyte degradation, does not
primarily bind to organic carbon. Since for this com-
pound no straight forward methods to estimate freely
dissolved concentrations exist, glyphosate was consid-
ered using dry weight-based concentrations.

Material and methods

Sampling sites and sampling

The sediments of eight lakes located in the state of SH
with an ecological status of macrophytes ranging from
bad to high and a habitat quality and a status of phyto-
plankton that is expected to allow for a healthy macro-
phyte community, were investigated (Fig. 1; Table 1).
The lakes differ greatly in size, catchment area and water
retention time. All lakes feature extensive agricultural
production close to their shorelines. Some lakes are
intensively used for recreational activities (Lake Diek,
Lake Selenter and Lake Brahm) or border to urban areas
(Lake Diek and Lake Trammer).

In each lake sediment samples were taken at several
sites close to the shore at a water depth of ~ 1.5 m. In
total 32 sites were sampled within the period from 20
to 24th May 2019, the time after spring application of
pesticides. Upper sediment layers, with a thickness of
5-10 cm were sampled (Additional file 1: Supporting
information), using a Van Veen grab sampler (stainless-
steel; height 1000 mm, area 330 x 300 mm; maximum
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Fig. 1 Lakes examined and their river catchment districts (Eider, Elbe, Schlei/Trave). Map modified on basis of https://www.openstreetmap.de

Table 1 Investigated lakes, their ecological states and most important variables describing their dimensions

Lake Macrophyte state® Phytoplankton state® Surface area (km?®)  Catchment area (km?) Water
residence
time (a)
Lake Brahm 3 3 1.1 589 0.3
Lake Diek 4 2 3.8 165.6 1.0
Lake Grebiner 3 - 03 1.0 7.7
Lake Lang 5 2 14 317 0.8
Lake Sankelmarker 5 2 06 18.8 06
Lake Selenter 1 2 212 60.0 154
Lake Suhrer 2 2 14 4.1 8.8
Lake Trammer 4 2 1.6 4.2 13.8

@ Ranking according to WFD ranging from 1 (very good) to 5 (bad); data were kindly provided by the State Office for Agriculture, Environment and Rural Areas (LLUR)

sampling capacity 5 kg). At each sampling site three indi-
vidual samples were taken and pooled in equal parts to a
composite sample using a stainless-steel spoon. All sam-
ples were stored on ice in a solvent washed, sealable alu-
minium bowl and deep-frozen at the same day at — 20 °C
until further processing.

Sediment extraction and chemical analysis

To obtain the organicrich fine fraction (grain
sizes <63 pm) for pollutant extraction, the whole, freeze-
dried sediment sample was sieved through DIN ISO

3310-1 standardized stainless-steel test sieves on a KS1
vibratory shaker (Retsch). The TOC content was meas-
ured in duplicates using a Vario EL Cube elemental ana-
lyser. Assuming that organic carbon is the major sorbent
for organic chemicals in sediments, sediment aliquots
containing 100 mg of TOC were extracted and cleaned-
up using a modified method developed by Massei et al.
[18]. Using the TOC content as a basis also helps to keep
matrix effects in the mass spectrometer on a similar
level in different samples safeguarding the comparabil-
ity of analyses. More details on the TOC measurement,
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pressurized liquid extraction (PLE) and subsequent flash-
chromatography can be found in Additional file 1: SI 2.

Subsequently a target screening was performed for 218
compounds using liquid and gas chromatography—high-
resolution mass spectrometry (LC-HRMS and GC-
HRMS). Compounds known for their phytotoxicity were
analysed—including agricultural herbicides and other
current-use pesticides; biocides used in antifouling paints
(e.g. diuron and irgarol) and household products (e.g. tri-
closan and triclocarban); but also insecticides as poten-
tial indirect cause of macrophyte community degradation
and PAHs, PCBs and other legacy substances as markers
for legacy contamination. The more hydrophobic ana-
lytes, consisting of 67 substances (Additional file 2: (AF),
sheet 1), were measured using a GC with QExactive MS
system (Thermo) equipped with Thermal Desorption
Unit (TDU-2; Gerstel, Miilheim, Germany) and a cooled
injection system (CIS; Gerstel). The remaining 151 com-
pounds (Additional file 2: sheet 2) were analysed using
an UltiMate 3000 LC system (Thermo) coupled to Q
Exactive Plus MS (Thermo) with a heated electrospray
ionization source. More detailed information on chemi-
cal analysis and the equipment used can be found in
Additional file 1: SI 4.

A different analytical approach was used for the fre-
quently used herbicide glyphosate, as it exhibits a high
polarity and is not compatible to the used screening tech-
niques. Based on a method used by Muskus et al. [19]
glyphosate was extracted from the sediment by using a
sodium borate buffer at a pH of 9. The extracts were puri-
fied by solid-phase extraction on an HR-X cartridge prior
to derivatization with 9-fluorenylmethyl chloroformate
(FMOC-C]) and analysed using an ABSciex Q-TRAP
6500 LC-MS/MS in negative ion mode. More details can
be found in Additional file 1: SI 3.

Data evaluation and quality control
Compounds were quantified by method-matched inter-
nal calibration using 9 (GC) and 40 (LC) isotope-labelled
compounds (Additional file 1: SI 5). The calibration
standards were prepared at 12 levels, ranging from 0.2
to 1000 ng/mL, by spiking 5 mL of ethyl acetate/acetone
(1:1 V/V) with the respective amounts of target analytes
and consecutively subjecting them to the same clean-up
procedure as the sediment samples. Internal standards
were added to both, the standards and the sediment sam-
ples. Target substances were allocated to their respective
internal standards based on similarity in retention time.
Method detection limits (MDLs) were determined based
on the lowest measurable standard (Additional file 2:
sheet 3).

The raw data files generated during LC-HRMS analy-
sis were converted to mzML data using the ProteoWizard
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MSConvert tool (v. 3.0.18265) [20]. Subsequently, peak
detection, sample alignment and target compound
annotation were performed in MZmine (V 2.40.1)
[21] as detailed elsewhere [22]. An in-house R package
(MZquant v0.6.1) was used to perform blank correction,
calibration and finally quantification of the annotated
target compounds. Briefly, for blank peak elimination, a
blank intensity threshold was calculated according to,

Li ¢ blank = [ (Ii,blank) +2-0 (Ii,blank): (1)

where I ; plank is the intensity threshold, /L(Iiyblank) is the
average intensity and o (J;pjank) is the standard devia-
tion of each peak i in the blank samples. All peaks with
intensities below I; ; plank Were removed. In the next step,
the nested internal standard peak with the nearest reten-
tion time was assigned and the peak intensity of the tar-
get compound was divided by the peak intensity of the
internal standard to gain the relative intensity ratio.
Calibration models were fitted by a generalized additive
model with integrated smoothness estimation (GAM)
using the R package mcgv (v. 1.8-31) [23]. The GAM
model was selected to account for linear and nonlinear
regression fits without need of manual model selection.
For improvement of the calibration models, the support-
ing points of the regression were trimmed to a range
between the minimum and maximum intensities in the
samples. The minimum number of supporting points
for each model was four. Finally, the GAM models were
applied to quantify the target compounds. For quantifi-
cation of GC-HRMS-detected compounds, the software
TraceFinderTM 4.1 (Thermo Scientific) was used for
further evaluation. No blank correction was performed.
R Version 3.6.2 (2019-12-12; “Dark and Stormy Night”)
[24] was used in combination with the “ggplot2” software
package version 3.2.1 [25] to visualize the data.

Risk assessment to macrophytes and grazers
The risk of chemical pollution towards macrophyte
health was assessed using TUs [26, 27]. The TUs were
calculated based on equilibrium water concentrations
that were derived from the organic carbon-normalized
sediment concentrations (c;organiccarbon) Via organic
carbon—water equilibrium partition coefficients (Koc)
according to Eq. (2):
Ciwater = Ci,organic carbon. 2)
' Koc
For PAHs and PCBs, Koc values were used that have
been derived in larger field studies and are deemed most
reliable [28, 29]. For the remaining substances poly-
parameter linear free energy relationships (pp-LFERs)
were applied to model their partitioning coefficients [30].
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All required compound descriptors were acquired from
the LSER database of the Helmholtz-Environmental
Research Centre [31]. Where possible, measured descrip-
tors have been used. If these were not available, the build-
in prediction software of the LSER database was used to
derive missing compound descriptors. An overview of
the used Koc values can be found in Additional file 2:
sheet 5.
Cumulative TUs were calculated according to Eq. (3):

n
jwat
Y o=y ®

i=1

where ¢;water is the equilibrium water concentration of
the analyte i and ECy; is its effect concentration (EC) at
level x. Since ecotoxicological data for macrophytes are
scarce, TUs calculations were based on EC-values for
algal toxicity as a proxy. Effect levels from no observ-
able effect levels (NOEL), lowest effect levels (LOEL),
and EC,, up to ECy, were retrieved from the US EPA
ECOTOX Knowledgebase (release version 09 December
2019) for exposure times of up to 120 h. The no observ-
able effect concentration (NOEC) and lowest observable
effect concentration (LOEC) data were not considered
because these endpoints are static and not derived by
modelling. The 0.05 quantiles (Q,,s) of the obtained
data for each compound entry were calculated accord-
ing to Busch et al. [32]. This approach considers a worst-
case scenario to be protective. If no measured entry was
available (applies for app. 45% and 52% of EC-values for
algae and crustacean, respectively), the EC)-value for
green algae was estimated by using baseline ECOSAR 1.0
[33, 34] type model in ChemProp 6.3 [35]. The baseline
ECOSAR-type QSAR was used due to the low coverage
of the compounds under consideration without meas-
ured toxicity data by group-specific QSAR. More details
on the method can be found in Additional file 1: SI 6 and
in Schulz et al. [36]. Similar to algae, also for crustacean
reported EC-values were obtained from the US EPA
ECOTOX Knowledgebase or predicted via baseline ECO-
SAR 1.0 type. For assessment of the likelihood of adverse
effects, including direct phytotoxicity and indirect effects
via toxicity to grazing macroinvertebrates, ¥TUs were
compared with thresholds for acute (0.1 TUs for both
organisms) and chronic (0.02 TUs for algae; 0.001 TUs
for crustacean) toxic effects as defined and used previ-
ously [10, 37].

Unlike for the rest of the substances, the adsorption of
glyphosate mainly occurs via ion exchange. Therefore,
using the Koc to calculate equilibrium water concentra-
tions would be misleading. Amorphous Fe/Al oxides play
an important role for glyphosate sorption and have been
used in soil adsorption models [38, 39]. In order to be
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able to utilize the soil adsorption models to reliably pre-
dicted equilibrium water concentrations we determined
the content of amorphous Fe/Al oxides as described by
Schwertmann et al. [40]. Since Fe/Al oxide contents in
the investigated sediments (0.04—4 g Al,,/kg and 0.2—
48 g Fe,/kg) were clearly out of the range covered by
these models, a derivation of reliable equilibrium water
concentrations for glyphosate and the calculation of TUs
was not possible and tentative conclusions on possible
risks will rely on sediment concentrations only.

Results

Sediment concentrations

Out of the 219 chemicals analysed, 62 were detected at
least in the sediment of one site. The detected chemi-
cals consist of seven herbicides, 12 other pesticides (four
insecticides and eight fungicides), five biocides used in
antifouling paints, seven other biocidal substances, 20
PAHs and 11 legacy compounds (seven PCBs and four
legacy pesticides) (Additional file 2: sheet 3 and 4). The
largest number of chemicals could be detected at site 5
of Lake Lang (41 substances) and the smallest at site 5 of
Lake Trammer (13 substances). PAHs are ubiquitously
occurring in the investigated lake sediments. With con-
centrations ranging from 1.3 to 409 ug/g TOC (avg. 52
pg/g TOC), they accounted for the largest fraction of
the measured compounds in the sediments. Benzo(k)
fluoranthene, benzo(a)anthracene, benzo(a)pyrene and
indeno(1,2,3-cd)pyrene occur as the PAHs with the high-
est concentrations (Fig. 2). Lake Lang was most polluted
with PAHs, followed by Lake Diek and Trammer, all hav-
ing a poor or bad macrophyte state. Lower PAH levels
could be found in Lake Suhrer and Lake Grebiner with
a high and moderate macrophyte state, respectively.
Also other persistent pollutants could be detected fre-
quently. Chlorinated legacy PPPs and PCBs were found
in 75% and 65% of all samples, respectively. Lake Suhrer,
Brahm, Lang and Sankelmarker were most contaminated
with legacy compounds while in Lake Selenter, Gre-
biner, Trammer and Diek the levels of these compounds
were low. Total PCB concentrations in the lake sedi-
ments range from 0.004 to 0.6 ug/g TOC (avg. 0.08 pg/g
TOC) with PCBs 138, 149, 153 and 180 detected most
frequently and PCB 138 and 153 exhibiting greatest con-
centrations. Lake-wide PCB pollution could be observed
in Lake Brahm, Lang, Suhrer and Sankelmarker with
local maxima at site 4 of Lake Brahm (0.6 ug/g TOC)
and Lake Suhrer (0.5 pg/g TOC). Legacy PPP concen-
trations ranged from 2 to 20.5 ng/g TOC (avg. 4.9 ng/g
TOC) with 4,4’-DDE and 4,4’-DDD being detected most
frequently and at highest concentrations. Site 6 of Lake
Suhrer shows the highest chlorinated legacy PPPs level
with 20.5 ng/g TOC.
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Fig. 2 Barplots of detected sediment concentrations. Pollutants are grouped according to their different uses. All compounds stated in ng/g TOC,
except from glyphosate which is stated in ng/g dry weight. At the sampling points Sa2 and Sa3 glyphosate could not be measured

Current use herbicides and other pesticides (cur- moderate-to-bad status often higher concentrations
rently registered on the German market) were detected  were observed with a maximum of 4.5 ng/g dw in Lake
in most samples and ranged from 0.6 to 39.8 ng/g TOC.  Sankelmarker. The highest insecticide concentrations
For herbicides the magnitude of the contamination var-  were found for cyhalothrin and diflubenzuron (0.4 and
ied by two orders of magnitude between different lakes. 0.2 pg/g TOC). Particularly cyhalothrin is detectable at
Concentrations were highest in Lake Grebiner, which is  many sites (app. 50% of sites) at similarly high concentra-
characterized by a moderate macrophyte state and low-  tions independent of the macrophyte state.
est in Lake Selenter and Lake Suhrer, having a high and Biocides could be detected in 88% of all samples.
good macrophyte state. The herbicide glyphosate was  Their concentrations ranged from 0.005 to 1.8 pg/g
detected in 77% of all samples and was thus the most TOC (avg. 0.09 pg/g TOC). Biocides used in antifoul-
frequently detected agricultural herbicide in lake sedi- ing paints were mainly found in lakes of poor or bad
ments. At the sites with high and good macrophyte states  macrophyte state. This includes Lake Diek, Lake Sankel-
in Lake Selenter and Lake Suhrer glyphosate concentra-  marker and Lake Lang. It is also Lake Lang that revealed
tions remained below 1 ng/g dw, while for the lakes with  the highest biocide concentration with 1.5 pg/g TOC
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1,2-benzisothiazolinone at site 4. The antifouling biocides
irgarol, diuron and terbutryn were detected in ~ 6, 30
and 80% of the samples. Their concentrations range from
6 to 15 ng/g TOC for irgarol, 5 to 20 ng/g TOC for diuron
and 6 to 45 ng/g TOC for terbutryn. The insect repellent
DEET was detected in 60% of the samples at concentra-
tions of 6 to 41 ng/g TOC.

Assessment of potential risk for macrophytes

Following the main assumption on direct effects of phy-
totoxic chemicals on macrophytes, but also considering
possible indirect effects on grazers of phytoplankton and
phytobenthos, additive risks, expressed as Y TUs, were
calculated based on equilibrium water concentrations
(Additional File 2: sheet 5) and effect concentrations
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to algae and daphnia (Additional File 2: sheet 6 and 7).
The > TUs based on algal toxicity exceeded thresholds
for chronic phytotoxic effects at 22% of all sampling
points (Fig. 3a). All of these exceedances were observed
in lakes of moderate to poor macrophyte state. The sites
with a good or high status of the macrophyte commu-
nity exhibit " TUs of 1 x 107 to 2 x 107> 3" TUs (aver-
age: 1.7 x 1072 3" TUs) and thus one order of magnitude
below the assumed chronic toxicity threshold of 0.02
> TUs. At sites in lakes with a moderate status > TUs
ranged from 5x107* to 0.03 Y TUs (average 6 x 1073
> TUs) and exceeded 0.02 TUs at one site (Lake Brahm,
site 2). In lakes of a poor or bad macrophyte state > TUs
ranged from 4 x 107* to 0.04 (average 0.01 > TUs) and
6x 1073 to 0.09 (average 0.03 >_ TUs), respectively. The

a
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Fig. 3 Barplot of TUs determined at different lakes and sampling points for a macrophytes and b crustaceans. Horizontal lines represent the
thresholds for acute (0.1 TUs for both organisms) and chronic toxic effects (0.02 TUs for macrophytes and 0.001 TUs for invertebrates). Colourized
pollutants account for ~ 90% of the calculated TUs
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chronic toxicity threshold of 0.02 XTUs was exceeded at
two sites in a lake of poor macrophyte state (both in Lake
Diek) and four sites in a lake of bad macrophyte state (all
in Lake Lang).

At those sites with ) TUs close to or above 0.02 ZTUs,
antifouling biocides used in paint coatings of facades,
underwater structures and boats (irgarol, diuron and ter-
butryn) predominate the Y TUs. In two of the sites phy-
totoxicity is dominated by irgarol (B2 with 0.03 TU and
L2 with 0.07 TU), in Lakes Diek and Lang diuron is the
phytotoxicity driver (up to 0.03 TUs). Terbutryn is adding
minor contributions to many sites of up to 6 x 10~ TUs.
PAHs have been identified as a second group of phyto-
toxicity drivers, with the sum of PAHs causing 4 x 107 to
0.02 XTUs. Benzo(a)pyrene, perylene, benzo(k)fluoran-
thene and chrysene are the PAHs that contribute most
to the toxic units. An exceedance of the chronic tox-
icity threshold due to PAHs occurs at two sites both in
Lake Lang (site 4 and 5). The phytotoxicity-based ZTUs
related to agricultural herbicides (except glyphosate) and
other plant protection products considered here, are con-
sistently very low and remain several orders of magni-
tude below the chronic toxicity threshold for algae. Same
applies for legacy pesticides and PCBs.

For glyphosate no TU-based assessment based on
equilibrium water concentration could be performed.
Based on dry weight-based sediment concentrations, low
glyphosate levels (0.76 to 1; avg. 0.5 ng/g dw) have been
observed for lakes of good to high status of the macro-
phyte community, while lakes of moderate-to-bad mac-
rophyte state exhibit concentrations of 0.8 to 4.5 ng/g
dw. It may be assumed that this may result also in higher
equilibrium water concentrations of glyphosate and thus
a greater likelihood of impact in lakes of moderate-to-
bad macrophyte state.

Assessment of potential risk for grazers

The > TUs based on crustacean toxicity range from
6x107° to 0.13 TUs (average: 0.01 Y TU) with the
highest > TUs being observed at site 5 of Lake Sankel-
marker (Fig. 3b). In lakes of good to moderate status of
the macrophyte community, > TUs between 5x 107°
and 0.03 TUs (average: 8 x 1072 Y TUs) can be observed.
In case of a poor or bad macrophyte state Y TUs range
from 8 x 107* to 0.13 TUs (average: 0.02 > TUs). > TUs
exceed the threshold for chronic toxic effects of 1 x 1073
TUs at 56% of all sites. Exceedances occur in lakes of all
macrophyte states. The insecticidal biocides bendiocarb
and fipronil sulfone, a metabolite of fipronil, contribute
most of the toxic units by causing 0.03 to 0.1 TUs and
0.03 to 0.05 TUs, respectively. Although the insecticide
cyhalothrin was detected frequently and revealed sub-
stantial sediment concentrations, it only contributes to
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a small extent to the calculated TUs. Reason for this is
an EC that is one magnitude higher than the EC-values
of bendiocarb and fipronil sulfone. This also holds true
when comparing the EC-values used in the present study
with the data provided in the IUPAC Pesticides Proper-
ties Database [41].

Discussion

Biocide and PAH concentrations compared

to concentrations in other European sediments
Concentration data on the biocides irgarol, diuron and
terbutryn in European lake sediments for comparison are
rare. However, sediment data are available for European
estuaries, including the rivers Danube, Elbe, Gironde,
Po, Rhine, Scheldt and Tiber. While maximum concen-
trations of irgarol, diuron and terbutryn in our study
were 15, 20 and 45 ng/g TOC, respectively, the detected
concentrations in estuary sediments range from 10 to
120 ng/g TOC for irgarol, 20 to 120 ng/g TOC for diu-
ron and 20 to 130 ng/g TOC for terbutryn [42]. Thus,
maximum sediment concentrations in the investigated
lakes were in the lower range of major European estu-
aries, while maximum estuary sediment concentrations
exceeded those in the sediments of the lakes under inves-
tigation by factors of 3—-8. Given the strong impact on
estuary sediments from shipping traffic and from drain-
ing big parts of Europe including major urban, industrial
and high intensity agricultural areas, these factors are
astonishingly low. Thus, biocide contamination in some
of the lakes with moderate-to-bad macrophyte state
may be considered as substantial. Interestingly, diuron
and irgarol were identified as the main drivers of toxic
pressure on algae in the study on estuary sediments.
The screening of dated sediment cores of Lake Lugano
and Lake Greifensee in Switzerland indicated a strong
increase of irgarol concentrations from 2004 until 2014
reaching 3 ng/g dry weight [43]. Terbutryn concentra-
tions already peaked in the 1970s to about 0.5 ng/g dry
weight while no data on diuron were presented. Assum-
ing typical TOC fractions of few percent, these con-
centrations are substantially higher than the sediment
concentrations measured in the lakes of this study and
underline the potential of biocides to accumulate in lake
sediments. Unfortunately, no data on impacts of biocides
in the Lake Greifensee on macrophytes are available.

The accumulation of PAHs in lake sediments is well
investigated with data from all over the world [44]. PAH
concentrations observed at most of the sites investigated
in this study are in good agreement with those observed
in comparable lake sediments. One example may be sedi-
ments of rural lakes of Spain [45] with PAH levels of 4 to
4286 ng/g of sediment. Some of the sites in lakes of poor
to bad macrophyte status (Lake Sankelmarker, Lake Diek
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and Lake Trammer), however, exhibited higher pollution
levels (up to 10,625 ng/g dw). Similar concentrations have
been observed in sediments of an urban lake in Bergen
(Norway) [46]. In Lake Lang two sites even showed PAH
levels similar to those of heavily industrialized regions
(site 4 with 45,106 ng/g dw and site 5 with 44,393 ng/g
dw) [44]. Furthermore, the sediments showed to be sub-
stantially contaminated with the insecticide cyhalothrin
(59-393 ng/g TOC) when compared to the sediment of
European estuaries, where the maximum measured con-
centration was 51 ng/g TOC [42].

Toxic pressure of sediment contamination as a limiting
factor for macrophyte communities

The results obtained in this study support our initial
hypothesis that sediment-borne phytotoxicity is one of
the limiting factors preventing macrophyte communi-
ties to reach a good or high status. Sediments of all sites
with good or high status are contaminated well below the
level where chronic phytotoxicity can be expected. Sites
with moderate, poor and bad status are characterized by
increasing levels of phytotoxic contamination and £TUs
increasingly exceeding chronic phytotoxicity threshold
levels. These findings are in perfect agreement with the
observations of another study by Posthuma et al. [47]
that unravelled the existence of a relationship between
the ecological status and the prevailing toxic pressure
for European rivers. The study considered almost 47,000
European sites and concluded: mixture toxic pressure is a
significant limiting factor and no good or high ecological
status can be reached at sites with substantial toxic pres-
sure. Their conclusion is confirmed in our study that indi-
cates phytotoxic pressure as one of the limiting factors of
good macrophyte status. Particularly in Lake Lang, Lake
Diek and Lake Brahm, we suggest the reduction of phy-
totoxic pollution as a necessary pre-condition for the
recovery of the macrophyte communities. However, the
data also indicate a multiple stress situation where phy-
totoxicity is one of the limiting factors while additional
stressors, such as habitat degradation, eutrophication,
changing fish and grazer populations or increasing tem-
peratures [7, 48] but also other chemicals, which have not
been in the focus of this studies are expected to play a
role. Thus, attempts should be made to identify and miti-
gate these other stressors in order to achieve macrophyte
recovery and a good ecological status.

The potential of glyphosate to adversely affect macro-
phyte communities is well established [49, 50]. Therefore,
additional toxic pressure due to glyphosate as a driver of
macrophyte decline should not be excluded. Although
no equilibrium water concentrations and thus TUs could
be estimated, total sediment concentrations indicate
a higher level of pollution with glyphosate in lakes of
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moderate-to-bad macrophyte status. This probably also
results in a higher equilibrium water (and thus bioavail-
able) concentration.

In some of the lake sediments, substantial contamina-
tion with the insecticides bendiocarb, fipronil sulfone
and diflubenzuron has been observed, causing an exceed-
ance of thresholds for chronic and, in case of one site,
even acute toxic risk. However, these exceedances do not
show any correlation to the macrophyte status. Thus, an
indirect effect of insecticide pollution as a driver of the
decline of macrophyte communities by adversely affect-
ing grazer communities is not very likely.

Antifouling biocides as drivers of toxic pressure
Antifouling biocides, including irgarol, diuron and ter-
butryn, and to a lesser extend also PAHs, were identi-
fied as drivers of toxicity, thus, potentially limiting the
quality status of the macrophyte communities. Irgarol,
diuron and terbutryn are photosystem II inhibitors and
have been shown to cause detrimental effects on aquatic
ecosystems [51, 52]. They are especially used as active
substances in antifouling paints (AFPs). Irgarol was
almost exclusively applied as antifouling booster biocide
on submerged surfaces of boats, ships and aquatic struc-
tures and its approval in Germany for this purpose was
withdrawn in 2016 [53]. The application of terbutryn and
diuron is broader and also includes their use in emulsion
paints applied on facades. Diuron and terbutryn can be
leached from there into adjacent waterbodies via urban
runoff and wastewater [54, 55]. Since all lakes are situated
in close proximity to settlements and the density of boat
traffic in the investigated lakes is low, we hypothesize
that facade runoff might be an important source of the
antifouling biocides that limit the recovery of the macro-
phyte communities in the lakes with moderate, poor or
bad macrophyte state. This hypothesis is supported by
the findings of another study that identified diuron trans-
ported via rain sewer effluents into river water as main
driver of algal toxicity [56].

Plausibility of the suggested sediment toxicity

to macrophytes

It has been shown that macrophyte species composition
and abundance can respond strongly to the prevailing
environmental conditions [57, 58] and direct contact to
contaminated sediments has been shown to be a relevant
exposure pathway for aquatic macrophytes [8, 9]. The
major phytotoxicity drivers in our study, irgarol and diu-
ron, are well known to accumulate in sediments [59] and
macrophytes have been shown to exhibit a high sensitiv-
ity to the identified biocides. This holds true for example
for Chara vulgaris with a NOEL of 0.5 ng/L for irgarol
and 500 ng/L of diuron [60]. In a pond mesocosm study,
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Myriophyllum verticillatum was the macrophyte species
most sensitive to irgarol with an EC,, of 60 ng/L after
150 days of exposure and exhibited high bioconcentra-
tion factors (BCF) of up to 10,560 L/kg [61]. Estimated
maximum equilibrium water concentrations in our
study were 6 ng/L for irgarol, 20 ng/L for terbutryn and
36 ng/L for diuron and thus were above (irgarol) or less
than a factor of 50 below (diuron) than the NOEC- and
EC,,-values reported for macrophytes. These findings
agree with the hypothesis that antifouling biocides may
act as drivers of sediment toxicity and thereby, prohibit
the recovery of a good macrophyte state in Lake Lang,
Lake Diek and Lake Brahm. Sediment contact tests, for
example with Myriophyllum species may be used to fur-
ther confirm these findings [62, 63].

Conclusion

The current study provides evidence that the contamina-
tion of sediments with the biocides irgarol and diuron
and with PAHs is one of the drivers of adverse effects on
the macrophyte communities in lakes of SH. This result is
in agreement with the findings of a Europe-wide survey
that contamination exceeding toxicity thresholds does
not allow for the achievement of a good or high ecologi-
cal status. Thus, preventing the use of biocides as anti-
fouling agents in the lakes, as well as mitigating the input
of urban runoff contaminated with biocides from fagade
and roof applications, is suggested as necessary, although
probably not in all cases sufficient measures to improve
the ecological status in the lakes under investigation. Due
to higher concentrations of glyphosate in impacted lakes
compared to those with good or high macrophyte state,
the impact of glyphosate contamination from agricul-
tural application should be excluded. However, a targeted
investigation of bioavailable concentrations, macrophyte
exposure and toxicity testing are required to finally con-
clude on the role of glyphosate for the observed deg-
radation. The frequent exceedance of chronic toxicity
thresholds suggests potential impacts on macroinverte-
brate communities. However, no influence of potentially
impaired crustacean communities (and thus reduced
grazing pressure on the phytoplankton) on macrophyte
communities could be shown.

Although there are evidences from literature that the
direct contact of macrophytes to contaminated sedi-
ments is a relevant pathway of exposure, investigating the
uptake of irgarol and diuron from sediments into plants
would help to further fortify the findings of this study.
The data achieved in this study also indicate that addi-
tional stressors should be considered in a multiple stress
approach, since sediment contamination is a limiting fac-
tor only at some of the degraded sites.
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