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chemical weed control
techniques in sugar beet in
Germany using SYNOPS-GIS
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1Department of Agronomy, Institute of Sugar Beet Research, Goettingen, Germany, 2Institute for
Strategies and Technology Assessment, Julius Kühn-Institut, Kleinmachnow, Germany,
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Introduction: The EU Farm to Fork strategy aims to reduce the use of

pesticides and associated toxicological risks. However, the risks coming

along with currently available alternatives to chemical weed control in

sugar beet have not yet been evaluated. Therefore, the aim of this study

was to determine the toxicological risks to arthropods, aquatic and soil

organisms caused by mechanical-chemical in comparison to conventional

chemical weed control in sugar beet.

Materials and methods: The risk assessment was performed using SYNOPS-

GIS, a process-based model calculating the environmental fate of pesticides

and the exposure risk to arthropods, aquatic and soil organisms.

Results and discussion: Overall, broadcast spraying of conventional herbicides

caused low to very low toxicological risks in most regions and years in Germany.

Nevertheless, there were considerably higher risks to aquatic and soil organisms

from conventional broadcast spraying in northern Germany than in other

regions of Germany. With conventional herbicides, mechanical-chemical

weed control reduced toxicological risks proportionally to the reduction in

application amount. In contrast, band spraying of the new herbicide with the

active ingredients foramsulfuron and thiencarbazone-methyl caused an aquatic

risk as broadcast spraying with conventional herbicides, although the application

rate was 120 times lower. This was due to high toxicity of both active ingredients

of the new herbicide to water plants.

Conclusions: Not only the application amount of herbicides but also

environmental toxicity should be included in assessment approaches such

as the EU “Harmonized Risk Indicator”.
KEYWORDS

toxicological risk, weed control, sugar beet, SYNOPS, exposure toxicity
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1 Introduction

Weed control in sugar beet is currently carried out on over 90%

of all sugar beet fields in Germany by broadcast herbicide spraying

(Roß et al., 2018). However, the use of herbicides is criticized due to

their adverse effects to human health and the environment (Geiger

et al., 2010; Torretta et al., 2018). According to EU’s Farm to Fork

strategy, the use of pesticides and the associated toxicological risk

must be reduced by 50% by 2030 (European Commission, 2020). To

achieve this goal, the European Commission wants to promote

alternative weed control techniques like mechanical and

mechanical-chemical weeding. In sugar beet, solely mechanical

weed control is typically done with tractor hoes between the rows

and with hand hoes within the rows. However, hand hoeing is very

time consuming and expensive (Fishkis et al., 2024) and is only

worthwhile for organic farmers because the selling price of organic

sugar beet is three times higher than that of conventional sugar beet

(Bundesanstalt für Landwirtschaft und Ernährung (BLE), 2023).

For conventional farmers, the hand hoe is therefore not affordable.

Solar-driven FarmDroid hoe robots, capable of in-row and interrow

hoeing are since recently commercially available and provide a

cheaper and efficient alternative to conventional mechanical weed

control; however, since weeds in close vicinity of sugar beet must be

removed by hand hoeing, this technique is still too expensive for

conventional farmers (Kopfinger and Vinzent, 2021; Starck et al.,

2021). Combined mechanical-chemical weed control with a tractor

hoe between rows and band application of herbicides within rows is

financially viable for conventional farmers (Schröllkamp et al.,

2015) but has hardly been used in practice in Germany (in 1% of

fields in 2020 and 2021, n = 637; Farm survey on sugar beet

cultivation, data not published). The reason for this is a low area

performance of both tractor hoe and conventional band sprayer

(maximal working width of 6 m) compared to the broadcast sprayer

(30 m working width). Recently, however, broadcast sprayers

capable of in-row herbicide band spraying were launched on the

market, making in-row weed control better practicable in future.

Additional weed control between rows with a tractor hoe is still

required, but the additional labor and machinery costs are more

than offset by the lower cost of herbicides, so that the total costs of

modern combined mechanical-chemical weed control is about 25%

lower than that of chemical weed control (Fishkis et al., 2024). The

reduced use of herbicides by combined mechanical-chemical

methods suggests a lower toxicological risk of herbicide exposure.

However, a quantitative assessment of the toxicological risk

associated with different mechanical-chemical weed control

methods has not yet been conducted.

Several risk indicators of pesticides use exist at the European

level (Reus et al., 2002; Bockstaller et al., 2009). An overview of these

indicators, which differ in their objectives, temporal and spatial

scales, and evaluation methods, is provided by a survey conducted

as part of the OECD “Expert Group on Pesticide Risk Indicators”

(OECD, 2016; Pierlot et al., 2017). SYNOPS is a pesticide risk

indicator developed in Germany to assess the terrestrial and aquatic

environmental risks of pesticide use. It has been used since 2005 as a

part of the “National Action Plan for the Sustainable Use of
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Pesticides (NAP)” for annual reporting on the development of the

risk associated with the use of pesticides in Germany (NAP, 2017).

The SYNOPS model calculates predicted environmental

concentrations (PEC) of each active ingredient (AI) of

agrochemicals in soil, surface water and field margin, based on

weather, soil, topography, and agronomic data and relates them to

toxicity endpoints of various non-target organisms, which are

summarized in the pesticide property database (Lewis et al.,

2016). The resulting Exposure Toxicity Ratio (ETR) is used as

toxicity risk indicator (Gutsche and Strassemeyer, 2007).

Environmental risk assessment using the SYNOPS model has

been repeatedly applied for pesticide use data of cereals, rapeseed,

and sugar beet (Gutsche et al., 2012; Strassemeyer and Golla, 2018).

The regional approach of SYNOPS-GIS is to apply the field specific

assessments of SYNOPS on all fields in a considered region and

aggregate them on regional level. Nause et al. (2021) assessed the

risks of broadcast applications of different herbicides using

SYNOPS-GIS based on herbicide application data from 2314

randomly selected sugar beet fields. They showed that some

combinations of active ingredients, application dates and field-

specific environmental conditions provoked higher risks, although

in most cases the risks were below the “elevated risk level” of

ETR=1. Strassemeyer and Golla (2018) found that among pesticides

applied in cereals and rapeseed, herbicides had the highest

contribution to the aquatic risk. Gutsche et al. (2012) reported a

strong reduction of toxicological risks if using a “Minimal dosage

strategy” with a high number of herbicides with reduced application

rates against a “Common practice strategy” with a smaller number

of herbicides applied at usual application rates. However, the risks

associated with the currently available combined mechanical-

chemical weed control methods in sugar beet have not yet

been assessed.

It remains an open question whether the toxicological risks of

techniques with reduced herbicide application (such as band or spot

spraying) decrease linearly with the decrease in the amount of

herbicide applied. Therefore, the objectives of this study were to

calculate the acute and chronic risks for arthropods, soil and aquatic

non-target organisms associated with different conventional and

new-coming mechanical-chemical and chemical weed control

techniques in sugar beets in different soil-climate regions in

Germany, using SYNOPS-GIS model. In addition, the exposure

risks of herbicides frequently used by German sugar beet farmers in

2011-2018 is compared with the risks of a new herbicide

technology, which has been recently registered in Germany.
2 Materials and methods

2.1 Method of spatial risk analysis

The spatial data basis for the risk analyses carried out with the

SYNOPS-GIS model were the field blocks with arable crops from

ATKIS (AdV, 2008). The geometries of the ATKIS field blocks were

intersected with further digital data sets such as the digital soil map

BÜK1000N (Richter et al., 2007) and the digital elevation model
frontiersin.org
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DGM-10 (DGM, 2016). As a result, field-related soil parameters

and the slope gradients of the individual areas were derived. By

intersecting the field geometries with ATKIS water bodies, the

distance to one or more surface water bodies, and the water body

type and width class of the relevant water body was determined. The

allocation of the sugar beet crop (as well as other crops) to the

ATKIS field blocks was based on data on the cultivation statistics at

municipality level (Gocht and Röder, 2014). For each field the

suitability for the cultivation of sugar beet and other crops was

derived from a combination of field size and Soil Quality Rating

(Mueller et al., 2007). The objective function for the distribution of

crop types maximizes the sum of the suitability for cultivation

across all crops within a municipality, i.e. the crops are

preferentially distributed to the fields that have the highest

specific suitability for cultivation. The different crops are

distributed to the agricultural fields in such a way that the sum of

the cultivated areas corresponds to the crops’ area according to the

Thünen Agricultural Atlas (Gocht and Röder, 2014).

In addition, spatial allocations to districts, water catchment

areas or soil-climate regions (Roßberg et al., 2007) are available to

enable later aggregation of the predicted risk indices at field-level for

different spatial areas. Daily values for temperature, precipitation,

global radiation, and wind from about 280 weather stations and

2800 precipitation stations of the German Weather Service (DWD,

2016) were used as climatic model input variables. These data were

interpolated to a 1 km x 1 km grid and then assigned to the

individual fields. The information on the active ingredient content

and the application conditions of the plant protection products

(PPP) used was obtained by linking to the online database of

approved plant protection products of the BVL (BVL, 2019). The

application requirements with respect to (i) the minimum distances

to be maintained from surface water bodies, and (ii) the runoff

reduction on areas with slopes > 2% and > 4% were taken from the

database and integrated in the risk analysis. The toxicological and

physical chemical properties of PPP active ingredients were taken

from the online Pesticide Property Database (PPDB) (Lewis et al.,

2016). Both databases are updated every three months.
2.2 Derivation of generic application
patterns of herbicides used in sugar beet

For the risk assessment performed in this study, generic application

patterns of herbicides used in sugar beet were generated based on data

from annual farm surveys on sugar beet cultivation in Germany,

carried out by the sugar companies, the sugar beet grower

associations, and the Institute of Sugar Beet Research (Stockfisch

et al., 2013). From this survey, applied PPPs are ascertained and

transmitted to Julius Kühn-Institute (JKI), where the data are

included in the PAPA dataset (Roßberg et al., 2017). For privacy

reasons, it was not possible to precisely assign each collected application

pattern to the field to which it was applied. In our study, in order to

analyze regional differences in the risk of PPP applications, all survey

data were assigned to one of six regions which had been previously

identified using a cluster analysis of 50 soil-climate regions in Germany
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Intensity, Dachbrodt-Saaydeh et al., 2019). The soil-climate regions

were in turn formed by a cluster analysis of municipalities with similar

soil properties, temperatures and precipitation (Dachbrodt-Saaydeh

et al., 2019). From the survey data, three herbicide application patterns

were identified for each CEPI region for each year in the period 2011-

2018 using the procedure described below. These three application

patterns correspond to three spraying sequences with a high, medium

and low herbicide intensity, reflecting the range of chemical weed

control practice in sugar beet representative for each CEPI region

and year.

The herbicide use intensity was derived from the treatment

index (TI), which summarizes the number of PPP applications over

the course of a cropping period standardized to the maximum

permitted application rate per application pattern (Roßberg, 2013).

According to its TI, each herbicide application pattern, recorded in

the survey from one specific CEPI region and year, was assigned to

one of the three groups: (1) low intensity: TI ≤ 33-percentile, (2)

medium intensity 66-percentile > TI > 33-percentile; (3) high

intensity TI ≥ 66-percentile. Note that TI is not a toxicological

index and was used to reflect the differences in agronomic

application intensity caused by differing weed infestation and not

the differences in potential ecotoxicological risks.

Further, for each CEPI region, year and intensity level, the

herbicide applications in each month were counted and the months

with the most frequent applications were defined as application

periods. Next, the most frequently applied herbicides or tank

mixtures in each CEPI region and intensity level were selected. A

similar procedure was used to determine the application dates. First,

the most frequent treatment date per year was selected. The next

most frequent treatment date with a minimum interval of 7 days

was then taken as the subsequent treatment date. The modal value

of the application rates of the selected herbicides was used as the

most frequent application rate (or the respective application rates of

the tank-mix partners). Finally, the TIs of generated herbicide

sequences were checked for compliance with the mean TI values

of the intensity levels for the CEPI region. If the difference between

the mean and the generated TIs was greater than 0.5, then other or

additional herbicide applications were selected, and the subsequent

steps were run again. The generation of generic application patterns

was (semi-)automated by using a JKI-internal web application,

thereby increasing the degree of reproducibility. In addition, an

integrated plausibility test provided information on overdosage

(application rate > 100% of the approved application rate) and

too low application rates (< 5% of the approved application rate).

Finally, the generic application patterns were checked for

plausibility by experts from the Institute of Sugar Beet Research:

two experts responsible for the evaluation of data from the

Germany-wide farm survey on sugar beet cropping and another

one responsible for the analysis of national sugar beet herbicide

trials, and further by eight experts from regional sugar beet growers

associations and consultants from the sugar industry both

responsible for advising beet farmers in their area. Table 1 shows

an example of generic application pattern of herbicides for CEPI

Region D in 2018.
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2.3 Model scenarios for risk assessment
with SYNOPS

Risk assessment in SYNOPS-GIS was carried out for

conventional broadcast herbicide application and for four

combined mechanical-chemical weed control methods (Table 2).

Only post-emergent weed control strategies were considered. To

simulate conventional herbicide (CH) broadcast spraying, the

generic application patterns of herbicides (see 2.2) were applied to

100% area of a sugar beet field (Table 2, No. 1). To evaluate the

toxicological risks associated with band spraying (CH-broadcast-

band spraying, CH-band spraying; Table 2, No. 2, 3) the application

rate of the herbicides listed in the generic application patterns was

set at 44%, assuming a row spacing of 45 cm and a width of the

sprayed band of 20 cm. The smallest spatial unit in SYNOPS-GIS is

a single field, so heterogeneity of input data within the field could

not be accounted for. Therefore, application rates had to be adjusted

to correspond to the cumulative amount of herbicides applied in a

field. In CH-broadcast-band spraying (Table 2; No. 2), since the first

application was made to the entire field and subsequent band

applications were 44% compared to CH-broadcast spraying, the

total amount of herbicide applied over the growing season was

equivalent to 63% of the amount by CH-broadcast spraying. For the

evaluation of the toxicological risk of CH-spot-spraying, the

application rate of the herbicides listed in the generic application

patterns was set at 12.5%, assuming that the distance between rows

was 45 cm and the spot size was 10 cm x 10 cm (18 cm in-row
TABLE 1 Generic application pattern of herbicides for three intensity
levels for CEPI region D in 2018.

Date Herbicide
Application
rate (l ha-1)

Active Ingredient
(Application rate,
g/ha)

Intensity level 11

2018-
04-24

Betanal
MAXXPRO

0,8
Phenmedipham (48), Lenacil
(21.6), Ethofumesat (60),
Desmedipham (37.6)

DEBUT 0,015 Triflusulfuron (7.29)

GOLTIX
TITAN

1,7
Quinmerac (68),
Metamitron (892.5)

2018-
05-09

Betanal
MAXXPRO

0,8
Phenmedipham (48), Lenacil
(21.6), Ethofumesat (60),
Desmedipham (37.6)

DEBUT 0,015 Triflusulfuron (7.29)

GOLTIX
TITAN

1
Quinmerac (40),
Metamitron (525)

2018-
05-24

Betanal
MAXXPRO

0,8
Phenmedipham (48), Lenacil
(21.6), Ethofumesat (60),
Desmedipham (37.6)

Metafol SC 2,3 Metamitron (1600.8)

Intensity level 2

2018-
04-16

Betanal
MAXXPRO

0,8
Phenmedipham (48), Lenacil
(21.6), Ethofumesat (60),
Desmedipham (37.6)

Betasana SC 1,25 Phenmedipham (200)

Metafol SC 1,25 Metamitron (870)

2018-
04-27

Betanal
MAXXPRO

0,8
Phenmedipham (48), Lenacil
(21.6), Ethofumesat (60),
Desmedipham (37.6)

DEBUT 0,02 Triflusulfuron (9,72)

2018-
05-15

Betanal
MAXXPRO

0,8
Phenmedipham (48), Lenacil
(21.6), Ethofumesat (60),
Desmedipham (37.6)

DEBUT 0,02 Triflusulfuron (9,72)

GOLTIX
TITAN

1
Quinmerac (40),
Metamitron (525)

2018-
05-25

DEBUT 0,02 Triflusulfuron (9,72)

Goltix Gold 1,5 Metamitron (1050)

GOLTIX
TITAN

1
Quinmerac (40),
Metamitron (525)

Intensity level 3

2018-
04-23

Belvedere
Extra

1,25
Phenmedipham (187.5),
Ethofumesat (250),
Desmedipham (62.5)

GOLTIX
TITAN

2
Quinmerac (80),
Metamitron (1050)

(Continued)
TABLE 1 Continued

Date Herbicide
Application
rate (l ha-1)

Active Ingredient
(Application rate,
g/ha)

2018-
05-06

Betanal
MAXXPRO

2
Phenmedipham (120), Lenacil
(54), Ethofumesat (150),
Desmedipham (94)

GOLTIX
TITAN

2
Quinmerac (80),
Metamitron (1050)

2018-
05-18

Belvedere
Extra

1,25
Phenmedipham (187.5),
Ethofumesat (250),
Desmedipham (62.5)

Betanal
MAXXPRO

2
Phenmedipham (120), Lenacil
(54), Ethofumesat (150),
Desmedipham (94)

DEBUT 0,02 Triflusulfuron (9,72)

Goltix Gold 2 Metamitron (1400)

GOLTIX
TITAN

2
Quinmerac (80),
Metamitron (1050)

LONTREL
600

0,05 Clopyralid (30)

STEMAT 0,5 Ethofumesat (250)
1Three intensity levels of generic application patterns for a single CEPI region reflect
differences in agronomic application intensity caused by differing weed infestation and not
the differences in potential ecotoxicological risk.
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distance of beet plants). For NHT band spraying (Table 2; No. 5),

two applications of 0.011 kg/ha Foramsulfuron and 0.0066 kg/ha

Thiencarbazone-methyl were used as model input, which

corresponds to 44% of the maximum quantity per application

permitted for this herbicide in Germany for broadcast spraying

on undrained fields (Oct. 2022). The total amount of applied active

ingredients for NHT-band spraying corresponds to 1% from the

total sum of active ingredient rates in kg/ha applied in generic

application pattern of medium intensity (Table 1). The new

herbicide acts both via the leaves and the soil, belongs to ALS-

inhibitor mode of action and is applicable in combination with

ALS-tolerant sugar beet varieties solely. Only one of the

conventional herbicides included in generic application patterns

comprises an active ingredient, namely Triflusulfuron-methyl, with

the same mode of action as the new one. Other conventional

herbicides include active ingredients with other modes of action:

lipid biosynthesis inhibitors, plant growth regulators,

photosynthesis inhibitors and shoot-growth inhibitors.
2.4 Methodology of risk assessment at site
level and spatial aggregation of risk indices

In the SYNOPS model, the toxicological risk for non-target

arthropods, and aquatic and soil organisms used as reference

organisms was expressed by the Exposure Toxicity Ratio (ETR),

i.e. the ratio of the exposure of reference organisms to PPP active

substances under worst-case conditions and the toxicity of these
Frontiers in Agronomy 05
active substances to these organisms (Equation 1).

ETR =
Exposure
Toxicity

(1)

The methodology for calculating the toxicological risk was

presented in detail by Strassemeyer et al., 2017. Briefly, the

predicted environmental concentration (PEC) or the estimated

PPP exposure in surface waters is calculated for PPP inputs by

considering spray drift, surface runoff and erosion. The

concentrations of active ingredients in field margins are calculated

via field applications and spray drift, whereas the concentration of

an active ingredient in soil is calculated by considering field

applications and crop interception. First order degradation of the

substances in soil, water and on plants is considered (Strassemeyer

et al., 2017).

The half-maximal lethal concentration (LC50), effect

concentration (EC50) or lethal rate (LR50), and the no-effect

concentration (NOEC) of the individual active ingredients is used

to quantify toxicity. In sugar beet, several combinations of active

ingredients are typically used on several dates to control weeds with

herbicides (Table 1). Active ingredients with identical or different

modes of action can interact additively or produce antagonistic or

even synergistic effects that are greater than the sum of the

individual effects (Knillmann et al., 2021; Dietrich et al., 2022).

However, a sufficiently good performance of the additive approach

by prediction of mixture toxicity of pesticides has been confirmed

for aquatic organisms (Belden et al., 2007). For terrestrial

organisms, the possible synergistic or antagonistic effects of most

active ingredient combinations are unknown. Therefore, in the

present study, the ETRs of the individual active ingredients or

applications were aggregated according to the concept of

concentration addition (Verro et al., 2009; Vaj et al., 2011; Zhan

and Zhang, 2012) to capture the risk across the entire weed control

strategy (multiple active ingredients and/or multiple applications)

for a specific reference organism. The risk aggregation of an

application pattern was performed in three steps. First, for each

day, the acute (ETRA(RO))and chronic risk (ETRC(RO)) of a given

active ingredient (AI) was calculated for a given reference organism

(RO). Second, for each day, the ETR values of multiple AIs were

summed up to derive the daily risk caused by all AIs for a given

reference organism. Third, the 90th percentile of 365 daily ETRs

was derived, representing the acute (Equation 2) and chronic

(Equation 3) risk of the entire herbicide application strategy for a

given reference organism and field.

ETRA(RO) = P90
1≤t≤365o1≤i≤n

PEC(t,AIi)
0:1*LC50=LR50=EC50(RO,AIi)

(2)

ETRC(RO) = P 90
1≤t≤365o1≤i≤n

PECTWA(t,AIi)
NOEC(RO,AIi)

(3)

where PEC(t, AIi) is the predicted environmental concentration

for t-th day and i-th AI. PECTWA is the time weighted average

concentration of 7 days. LC50, LR50, LD50 and NOEC refer to

specific RO to i-th AI. n represents the number of AIs with additive

effect. Acute endpoints are multiplied by a factor of 0.1, resulting in
TABLE 2 Weed control techniques in sugar beet used in SYNOPS GIS to
calculate the toxicological risk for soil organisms, arthropods and
aquatic organisms.

Weed control techniques (CH-conventional
herbicides; NHT-new herbicide technology)

No. Name Description of post-emergent weed
control techniques

1 CH-
broadcast
spraying

Two to four full-area herbicide applications 10 to 14 days
apart, depending on weed infestation pressure and
weather conditions. Active ingredients and application
rates are listed in Table 1.

2 CH-
broadcast-
band
spraying

The first herbicide application to the entire area, while
the remaining applications as band applications to the
row. The weeds between the rows are controlled
by hoeing.

3 CH-
band
spraying

All two to four herbicide applications applied as band-
spraying in the row. The weeds between the rows are
controlled by hoeing.

4 CH-
spot
spraying1

Spot-spraying over the sugar beet plants with spot size of
0.1 m x 0.1 m, to control weeds in close vicinity to the
crop, whereas the weeds on the remaining area are
controlled by hoe robot.

5 NHT-
band
spraying

Two applications of the new herbicide CONVISO ONE
with 0.5 l/ha (AI: Foramsulfuron,Thiencarbazone-methyl)
in the rows of ALS-tolerant sugar beet variety. The weeds
between the rows are controlled by hoeing.
1This technique is not yet available on the market, but the first test results are promising
(Starck et al., 2021), and it is expected that the method will be available soon.
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a safety factor of 10 for acute risks, because the acute endpoints

represent the higher hazard than the chronic endpoints.

To assess the risk of PPP exposure to surface waters, SYNOPS

considers the following five reference organisms: algae (al), aquatic

invertebrates (e.g., Daphnia sp., da), fish (fi), aquatic plants (Lemna

sp., le), and sediment organisms (Chironomus sp., ch). Risk indices

were first calculated separately for each of the reference organisms.

Then, the acute (Equation 4) and chronic (Equation 5) aquatic risk

was each calculated as the maximum of the risk indices of the

aquatic reference organisms.

ETRA(aq) = MAX
�
ETRA(al), ETRA(da), ETRA(fi), ETRA(le), ETRA(ch)

�

(4)

ETRC(aq) = MAX
�
ETRC(ch), ETRC(da), ETRC(fi)

�
(5)

ETRA(aq) and ETRC(aq) represent acute and chronic risk for

aquatic organisms.

For the soil concentration, it was assumed that the AI is

distributed in the upper 2.5 cm soil layer. Toxicity data of the

reference organisms in soil were available for earthworms (ew) and

springtails (Collembolae; co) (Equation 6).

ETRC(soil) = MAX(ETRC(ew), ETRC(co)) (6)

ETRC(soil) represents chronic risk for soil organisms.

For the three reference organisms in field margin (FM)

biotopes, honeybees (bi), predatory mites (Typhlodromus pyri;

tp), and braconid wasps (Aphidius rhopalosiphi; ar), only acute

toxicity values are included under regulatory approval. Therefore,

only acute risks were calculated as the maximum of the indices of

the three ROs in FM biotopes (Equation 7).

ETRA(FM) = MAX(ETRA(bi);  ETRA(ar) ;  ETRA(tp)) (7)

ETRA(FM) represents the risk for organisms in FM. All

calculations were performed assuming that the distance

requirements to water bodies and terrestrial small structures as

well as the runoff requirements were met. The calculated ETR for

organisms in surface waters, non-target arthropods (NTA) in field

margins, and for soil organisms were assigned to five risk classes:<

0.01 no risk; 0.01 ≤ ETR< 0.1 very low risk; 0.1 ≤ ETR< 1 low risk; 1

≤ ETR< 10 elevated risk; ETR ≥ 10 high risk (Strassemeyer

et al., 2017).

The calculated field- and year-specific risk indices ETRA(aq),

ETRC(aq), ETRA(FM) and ETRC(soil) were stored in a database. From

this database, the risk indices for different spatial units could be

aggregated, analyzed, and presented. In this study, for assessing

regional differences in toxicological risk in Germany, the data were

aggregated on soil-climate region (SCR) level (Roßberg et al., 2007),

as the aggregation of data at the CEPI-region leveled spatial

differences and was therefore less informative. For each of the 36

sugar beet growing SCR, the 90th percentile of each risk index from

all sugar beet fields within a given SCR in each year was calculated.

For visualization, the SCR-specific risk indices were clustered within

6 CEPI-regions, whereby the variance between SCRs within

individual CEPI-regions and the variance between CEPI-regions
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can be illustrated. Since the same herbicide application pattern was

used for all SCR within individual CEPI regions, the variance in risk

index between SCR within a single CEPI-region is caused solely by

differences in environmental characteristics. In addition, the 90th

percentile of risk indices from all sugar beet fields in Germany was

also calculated to obtain aggregated risk indices for Germany as

a whole.
2.5 Statistical evaluation

Statistical analyses were performed with R version 4.1.1 (R Core

Team, 2020). Generalized linear mixed models (glmm) with SCR as

a fixed effect and year as a random effect, followed by the Sidak

method of multiple mean comparison (p<0.05), were applied to

assess regional differences in SCR-aggregated ETRs associated with

CH-broadcast spraying. The SCRs were further subdivided in two

groups with high and low risk respectively. The difference between

the two groups with respect to different environmental parameters

was tested using Welch`s t-test. Furthermore, the glmm was applied

to estimate effects of different environmental parameters on ETR

associated with CH-broadcast spraying at the field level. The

gamma-distribution of model residuals with log link was

considered both for modeling field and SCR-aggregated ETRs.

Residual diagnostics was calculated using DHARMA package.

The models were build using glmmTMB package.

The ETRs associated with five weed control methods (Table 2)

in six selected SCR were statistically evaluated by mixed linear

models (nlme package), considering weed control method, SCR and

their interaction as fixed effects and the effect of year as a random

effect. The response variable was log-transformed to fulfil the model

requirements. Residuals of the final models were checked for

homoscedasticity by Levene’s test as well as graphically and for

normal distribution by the Shapiro–Wilk test as well as graphically.

Since F test for fixed effects showed that the interaction between

weed control method and SCR was not significant (p>0.05) it was

excluded from the final model. Marginal means for each method

were then calculated using package emmeans. Sidák’s method was

further used to determine confidence intervals for each group mean

and statistical significance (p<0.05) of difference. Additionally, the

acute aquatic risk, ETRA(aq) associated with NHT-band spraying

and CH-broadcast spraying was analyzed in all sugar beet growing

SCR using generalized linear mixed models. Weed control method,

SCR and their interaction were incorporated as fixed effects and the

effect of year as a random effect. The gamma-distribution of model

residuals with log link was considered. T-test was applied to

evaluate the difference in toxicological risk between both weed

control methods within each SCR (p<0.05). Residual diagnostics

was calculated using DHARMA package.
3 Results

Acute aquatic (ETRA(aq)) and chronic soil organism (ETRC(soil))

risk from CH-broadcast spraying varied widely among SCR, but

also among the 8 study years (2011-2018). In most SCR and years,
frontiersin.org

https://doi.org/10.3389/fagro.2023.1274703
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org


Fishkis et al. 10.3389/fagro.2023.1274703
the 90th percentile of acute aquatic risk was very low at ≤ 0.1, but in

SCR 101, 152, 154, 157, and 158 it was 0.2-0.8 in all 8 study years,

which was still considered low risk but significantly higher than in

most other regions (Figure 1). SCRs with elevated risks had a

significantly lower minimal distance to water bodies and a

significantly higher share of standing water than the other SCRs

(Table 3). The greater the distance to water bodies and the higher

the proportion of flowing waters, the lower the log-transformed

aquatic risk, as indicated by the negative estimates of the

corresponding predictors in the glmm analyses (Table 4). The

slope of the field was also significantly lower in the SCRs with

elevated aquatic risk, although it had a positive effect on aquatic

risk, but the effect of a lower slope was more than offset by the

stronger effect of a high proportion of standing water (Tables 3, 4).

90th percentile of chronic risk for soil organisms remained low at

0.1–0.2 in most SCR but significantly (p<0.05) increased to 1.0–1.5

(elevated risk) in individual SCR (105, 151, 153, 156; Figure 1). The

SCRs with high risk for soil organisms had a significantly higher

organic C content in topsoil compared to other SCRs (Table 3).

According glmm, this parameter was one of the strongest positive

predictors of ETRC(soil) (Table 4).

The chronic aquatic risk (ETRC(aq)) and the acute risk for non-

target arthropods (ETRA(FN)) were very low in all SCRs and years

and thus, are not shown here. Figure 2A shows the 90th percentile

of acute aquatic and chronic risks for soil organisms for combined

mechanical-chemical weed control techniques in comparison to

CH-broadcast spraying in 6 SCR. For this comparison, one SCR per

CEPI region was selected, where the toxicological risk by broadcast

spraying was higher than that of the other SCR in the same CEPI

region. Both weed control method (n=5) and SCR (n=6) were

significant for acute aquatic (F=168, p<0.001; F=33, p<0.001) and
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chronic risk for soil organisms (F=2552, p<0.001; F=1182, p<0.001)

as evaluated by mixed model analysis. For all methods except NTH-

band spraying, there was a nearly linear relationship between

herbicide application amount and associated toxicological risk

(Table 5). However, weed control techniques with reduced

herbicide use of 63% and 44% of the full herbicide application

amount did not differ significantly in acute aquatic risk and, in some

regions, in chronic risk to soil organisms as indicated by pairwise

comparison of means (Figures 2A, B). The NTH-band spraying

caused as much acute aquatic risk as the CH-broadcast spraying in

six selected SCRs (Figure 2A). In contrast, in all regions and years,

the chronic risk to soil organisms was much lower with NTH-band

spraying compared with CH-broadcast spraying (Figure 2A). The

chronic risk to aquatic organisms and acute risk to field margin

organisms associated with NHT-band spraying remained negligible

(not shown).

Additionally the acute aquatic risk in all sugar beet growing

SCRs was compared between CH-broadcast spraying and NHT-

band spraying. GLMM analysis showed that the interaction

between SCR and weed control strategy was significant (c2 = 289,

p<0.001). The t-test indicated that in most SCRs the acute aquatic

risk did not differ between two methods but was significantly higher

(p<0.05) at 10 out of 35 SCRs and significantly lower for 4 out 35

SCRs for NTH-band spraying compared to CH-broadcast spraying

(Figure 3). In SCR 152 and 158, the NHT-band spraying caused

even an elevated acute aquatic risk (ETR > 1) in some

years (Figure 3).

In the JKI geoportal, the ecotoxicological risks calculated with

SYNOPS-GIS are presented in the form of interactive maps (https://

sf.julius-kuehn.de/mapviewer/evaherb). This allows the comparison

of the toxicological risk for different regions, aggregation levels and
FIGURE 1

90th percentiles of acute aquatic (ETRA(aq)) and chronic risk for soil organisms(ETRC(soil)) in different soil-climate-regions in 6 CEPI regions (A–F). The
location of CEPI regions and soil-climate-regions in Germany are given in Figure 6. Each boxplot includes 8 data points (8 years, 2011-2018). The
yellow line shows the transition from very low to low risk, and the orange line from low to elevated risk.
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TABLE 3 Mean environmental parameters in soil-climate regions with elevated and low toxicological risks.

Acute aquatic risks Chronic risks for soil organisms

Group with elevated
risk (n=5)
SCR:
101,152,154,157,158

Group with low risk
(n=30)
SCRs which are not in
Group 1

Group with elevated
risks (n=6)
SCR:
101,105,
109,151,153,156

Group with low risks
(n=29)
(SCR which are not in
Group 1)

Minimal distance to water
a body (m)

30.2* 100.9 58.1* 97.3

Share of standing
water bodies1

0.9* 0.3 0.7* 0.4

Corg in 0-20 cm (%) 1.5ns 1.9 4.0* 1.5

Sand content in 0-
20 cm (%)

57.8ns 42.0 63.5* 41.0

Field slope (%) 3.0* 5.2 2.1* 5.3
F
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1Proportion of standing water bodies in the total number of standing and flowing water bodies.
Significant differences (p<0.05) between groups are labelled with asterisk.
The difference between two groups was tested for significance using Welch’s t-test.
TABLE 4 Environmental parameters impact on acute aquatic risks (ETRA(aq)) and chronic risk for soil organisms (ETRC(soil)) as analyzed with general
linear mixed models.

Acute aquatic risk

ETRA(aq)~MinDist+Width+Flowing_water(yes/no)+Slope+Sand+C_content + (1 | Year), family=Gamma(link=“log”)
Random effects:
Groups Name Std.Dev.
Year (Intercept) 0.577
Number of obs: 255196, groups: Year, 8
Dispersion estimate for Gamma family (sigma^2): 0.973

Estimate Std. Error Z value p-value

Intercept -1.69 0.20 -8.3 <2*10-16

Minimal distance to water -0.004 2*10-5 -156.8 <2*10-16

Water body width -0.30 5*10-4 -605.1 <2*10-16

Flowing water-1
(0 standing; 1 flowing)

-3.69 4*10-3 -828.6 <2*10-16

Slope 0.20 6*10-4 361.1 <2*10-16

Sand % -0.001 1*10-4 -11.5 <2*10-16

Corg % -0.11 8*10-4 -141.5 <2*10-16

Chronic risk for soil organisms

ETRC(soil)~ Flowing_water(yes/no)+Slope+Sand+C_content + (1 |Year), family=Gamma(link=“log”)
Random effects:
Groups Name Std.Dev.
Year (Intercept) 0.15
Number of obs: 317440, groups: JAHR, 8
Dispersion estimate for Gamma family (sigma^2): 0.153

Intercept -2.71 0.05 -51.2 <2*10-16

Flowing water_1
(0 standing; 1 flowing)

-0.02 2*10-3 -12.6 <2*10-16

Slope 0.001 2*10-4 6.7 <3*10-11

Sand % 8*10-4 3*10-5 24.1 <2*10-16

Corg % 0.15 3*10-4 509.0 <2*10-16
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weed control techniques for individual years from 2011-2018. For

example, Figure 4 shows the 90th percentile of the acute aquatic risk

ETRA(aq) maps for CH-broadcast spraying and NHT-band-spraying

based on weather data in 2015 at the county level in Germany. In

addition, the web application offers the possibility to set the area

ratio between CH-broadcast spraying and another weed control

method (e.g., mechanical weed control) in Germany (Figure 5).

Thus, the risks for different combinations of techniques can

be evaluated.
4 Discussion

4.1 Regional variability of ecotoxicological
risks associated with broadcast spraying of
conventional herbicides

Risk to aquatic and soil organisms associated with conventional

broadcast herbicide spraying varied significantly between the SCR

within a single CEPI region (Figure 1). Since the AI, application

rates and the sequence of applied herbicides were identical within a

CEPI region (section 2.2), the differences in toxicological risk across

SCRs within a CEPI-region could not be referred to the variability

in application data but must be due to variability of environmental

conditions between the SCR. The SCR with permanently higher

acute aquatic risk (> 0.1) or chronic risk for soil organisms (> 0.5)

risk were all located in northern Germany (Figure 6). The higher

aquatic risk in the northern areas is mainly due to the higher density

of water bodies and the higher proportion of standing waters. In

standing waters, AI content decreases only due to degradation,
A B

FIGURE 2

Toxicological risk (ETRA(aq); ETRC(soil)) of reduced-herbicide weed control techniques compared with the risk of conventional broadcast spraying
aggregated over selected soil-climate-regions (105, 145, 115, 154, 153, 111) in CEPI regions A-F (A) and aggregated over Germany (B). The location of
the soil-climate-regions and CEPI regions is given in Figure 6. Each boxplot includes 8 data points for 8 years (2011-2018). “C” denotes CONVISO
ONE Band-spraying method. Significant differences between weed control methods are indicated with different lowercase letters.
TABLE 5 Toxicological risks for aquatic (ETRA(aq)) and soil organisms
(ETRC(soil)) of mechanical-chemical compared to chemical weed control.

Weed
control
technique

Relative herbicide
amount based on
total g AI ha-1)

compared to the
amount applied for

CH-broadcast
spraying (see 2.3)

Acute
aquatic
risk

Chronic
risk for
soil

organisms

% in % of risk by CH-
broadcast spraying

Mean ( ± SD)

CH-
broadcast
spraying

100 100,0 (0,0) 100,0 (0,0)

CH-
broadcast-
band spraying

63 54,3 (3,8) 58,7 (3,3)

CH-
band spraying

44 41,8 (0,8) 42,2 (2,1)

CH-
spot spraying

13 12,5 (0,6) 12,2 (0,9)

NHT-
band spraying

1 105,0
(27,3)

2,2 (0,3)
Toxicological risks (Figure 2A) calculated with SYNOPS were aggregated across six soil
climate regions for a specific weed control method and the risk indices were presented as a
percentage of risk caused by broadcast spraying.
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whereas in flowing waters, removal by water flow is additionally

accounted for by SYNOPS. The high risk to soil organisms is mainly

due to the higher Corg content in northern SCRs compared to other

SCRs (Tables 3, 4). SYNOPS considers the Corg-dependent

distribution coefficient to estimate the fraction of AI that remains

in the soil and is not exposed to surface runoff (Strassemeyer et al.,

2017). Nause et al. (2021) also reported that sugar beet fields with

elevated aquatic risk had shorter distance to water bodies compared

to those with lower aquatic risk indices.

The 90th percentile of chronic aquatic risk (ETRC(aq)) and the

90th percentile of acute risk for non-target organisms in field

margins (ETRA(FM)) remained very low in all SCRs and are not

shown here. Since the chronic aquatic risk only considers aquatic

invertebrates, fish, and sediment organisms (Equation 5) it is

expected to give lower values than the acute risk, which also
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includes algae and higher water plants as reference organisms

(Equation 4). The reason for this is that for most AI no chronic

endpoints were available. The actual version of PPDB includes also

chronic toxicity endpoints (NOEC96 hours) for algae, which could be

used in future studies for assessment of chronic aquatic risk.

Nause et al. (2021) calculated toxicological risk indices

associated with 2314 pesticide application records from sugar beet

farms using SYNOPS. They also found the risk for field margin

organisms to be very low even considering insecticide and fungicide

applications. The acute aquatic risk tended to be higher in their

study, most probably due to the inclusion of insecticides, while the

chronic risk to soil organisms was similar to our study. However, in

contrast to our study, the 90th percentile of chronic risk to aquatic

organisms was as high as the acute aquatic risk. This was most likely

because their study included fungicides and insecticides, which have
FIGURE 4

90th percentile of acute aquatic risk ETRA(aq) for conventional broadcast herbicide application (left) and for Conviso-One band spraying (right) in
2015 at county level in Germany. Orange shows elevated risk (1.0-10.0), Yellow - “low risk” (0.1-1), green - “very low risk” (0.01-0.1), dark green - “no
risk” (<0.01).
A B D E FC

FIGURE 3

Regional variability in acute aquatic risk (ETRA(aq)) for twofold band application of CONVISO ONE in comparison to broadcast spraying of
conventional herbicides in CEPI regions A-F. Each boxplot includes 8 data points for 8 years (2011-2018). Significant differences between weed
control methods are indicated with an asterisk.
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a greater impact on the three chronic reference organisms: fish,

aquatic invertebrates, and sediment organisms.

Overall, it is important to note that using the identical

application patterns of herbicides within CEPI-regions in our

study is a simplification and thus, has limitations. The application

pattern of PPPs in sugar beet cultivation is specifically adapted to

the conditions of the respective field (farm survey sugar beet

cultivation 2010 - 2021). The generalized application pattern of a

CEPI region, however, considers only an average of used

applications, while the strategies used especially in challenging

fields with water proximity or erosion risk are not taken into

account. The spectrum and frequency of active ingredients used

for weed control in sugar beet was reviewed by Roßberg et al. (2017)

and Nause et al. (2021). Nause et al. (2021) quantified the aquatic

risk associated with the application of individual active ingredients

and found that increased aquatic risk was not due to application of

individual active ingredients or their application rate, but rather due

to combinations of active ingredients, application dates and field-

specific environmental conditions. Our study showed significant

differences between the different soil-climate regions in

toxicological risk to both aquatic and soil organisms.

Additionally, our results indicate that the variance in aquatic

toxicological risk between CEPI-regions is not as high as the

variance within some CEPI-regions, thus either the aquatic

toxicological risk is not affected by application patterns or CEPI

regions do not capture the difference in herbicide application

patterns for sugar beet. Thus, the aggregation of toxicological

risks associated with herbicide applications by CEPI-region does

not appear to be meaningful for sugar beet.
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4.2 Risks of weed control techniques with
reduced vs. full herbicide input

While reduced input of conventional herbicides resulted in a

linear decrease in risk values, NHT-band spraying caused the same

acute aquatic risk as the CH-broadcast spraying (Figure 2; Table 5).

The reason for the higher aquatic toxicity of NHT-band spraying

was a strong sensitivity of duckweed (Lemna minor) to the two

active ingredients of a new herbicide (EC50< 0.001 mg L-1 for

Thiencarbazone-methyl and Foramsulfuron). The highest acute

aquatic risk of NHT-band spraying was observed in the same

SCRs as by broadcast spraying (101,158, 152,154, Figure 3) and

was mainly due to the low average distance to surface waters and the

higher proportion of standing waters in these SCRs (Tables 3, 4).

The chronic toxicity to aquatic organisms remained low, however,

as no NOEC values (chronic toxicity endpoints) were available for

duckweed and algae and these species were therefore excluded from

the chronic toxicity calculation (Eq.5). The chronic toxicity

endpoints of Thiencarbazone-methyl with NOEC= 3.54mg L-1

for aquatic invertebrates and NOEC=4.8 mg L-1 for fish (Lewis

et al., 2016) are much higher compared with EC50 for duckweed

(see above), resulting in low chronic aquatic risk from NHT-band

spraying (data not shown). In this study, the SYNOPS GIS risk

assessment was not performed for NHT-broadcast spraying.

However, since there is a linear relationship between application

rate and risk scores for conventional herbicides (Table 5), it can be

assumed that an increase in application rate by a factor of 2.3 in the

case of broadcast application of the same herbicide will increase the

risk score accordingly. It could be seen from Figure 3 that the acute
FIGURE 5

90th percentile of chronic risk for soil organisms ETRC(soil) for conventional broadcast herbicide application (left) and for a combination of 70% fields
with mechanical weed control (with a toxicity of zero) and 30% fields with chemical weed control (right) in 2017 at the county level in Germany.
Orange shows elevated risk (1.0-10.0), Yellow - “low risk” (0.1-1), green - “very low risk” (0.01-0.1).
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aquatic risk in this case would increase to ≥ 1 for some SCR and

would have to be classified as an elevated risk for the respective SCR.
4.3 Data interpretation and limitations of
the study

It is important to note that the magnitude of the calculated risk

depends on the level of aggregation. For example, the 90th

percentile acute aquatic risk of broadcast spraying was< 1 in all

SCR (Figure 1) but was > 1 for 1759 fields in Germany (0.5% of all

fields, data not shown). The calculation of the 90th percentile of the

field-level ETR for Germany (Figure 2B) yields lower values than

the calculation at the SCR level (Figure 2A). However, although the

risk is low at the SCR level and very low for Germany it may be

elevated at individual fields. This must be considered to avoid

misinterpretation of our results.
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In the present study random distribution of sugar beet on arable

fields conditioned by field size and soil quality is a source of high

uncertainty. In future assessment crop categorizations from satellite

data could be used (Tetteh et al., 2021) to reduce the uncertainty of

random crop distributions as conducted in this study.

The results presented here are pure model calculations. The

validation of SYNOPS model has been previously conducted based

on measured concentrations of selected pesticides in surface water

in Mexico on papaya plantations (Hernández-Hernández et al.,

2007), for one catchment in Germany (Strassemeyer et al., 2017),

and for several sites in France (Pierlot et al., 2017) and showed in

general satisfactory results. However, it is important to note that the

environmental conditions at these monitoring sites and the

measured substances only represent a small excerpt of the

potential model parameterizations (De Baan, 2020) and,

therefore, are only a first step in the model evaluation process.

Currently, there has not been a comparison between the predicted
FIGURE 6

CEPI regions (A–F) and soil-climate-regions (101-198) (Dachbrodt-Saaydeh et al., 2019). Soil climate regions with elevated 90th percentile acute
aquatic (> 0.1) and chronic risk for soil organisms (> 0.5) (see Figure 1) were indicated by yellow and orange circles, respectively.
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and measured concentrations in soil and on non-target plants.

Thus, further studies are needed to validate the exposure and

potential effects on soil organisms and non-target arthropods. In

addition, this study did not report risks for non-target plants,

because at the time when the assessments were conducted the

toxicity endpoints for non-target plants and degradation rates were

available (in the pesticide property database) only for 44% and 6%

of all herbicides respectively. Thus, toxicological risks for non-target

plants associated with different weed control techniques must be

determined in future.
5 Conclusions

In this study, toxicological risks of mechanical-chemical and

chemical weed control techniques were calculated for 360,848 beet

fields over 8 years (2011 - 2018) in Germany using SYNOPS-GIS.

The acute and chronic risks for aquatic organisms, chronic risks for

soil organisms and acute risks for non-target arthropods were

aggregated as 90th percentiles at the level of soil-climate regions

and for whole Germany. Additional information is provided by

interactive maps available on JKI geoportal for open access. Using

this web-application the toxicological risks for different weeding

strategies, different regions, aggregation area and aggregation levels

can be compared.

Our results indicated that the toxicological risk of conventional

broadcast spraying was low for most soil-climate regions and was

mostly due to risk for soil and aquatic organisms, whereas the risk

for non-target arthropods was negligible. The elevated aquatic risk

was mostly caused on fields with close distance to standing water

bodies, whereas elevated chronic risk for soil organisms was mostly

due to elevated organic carbon content in topsoil, promoting

retention of AI in upper soil. The reduced application amounts of

conventional herbicides due to mechanical-chemical weed control

caused a linear reduction in toxicological risk for aquatic and soil

organisms. Since elevated risks for soil and aquatic organisms by

broadcast spraying were estimated for northern Germany, the

advancement of mechanical-chemical and mechanical weed

control methods appears to be especially important in northern

Germany but also for the fields with short distance to water bodies

or with elevated organic carbon content. However, the mechanical-

chemical weed control with a new herbicide, containing two ALS-

inhibiting active ingredients (Thiencarbazone-methyl and

Foramsulfuron) did not reduce the risk to aquatic organisms

compared to the broadcast application of conventional herbicides

with other modes of action. This was due to the high toxicity of the

two active ingredients in the new herbicide to common duckweed

(Lemna minor). Therefore, the application of combination of

Thiencarbazone-methyl and Foramsulfuron must be limited to

fields that are at a sufficient distance from water bodies. Since

ALS-inhibiting herbicides are needed in much lower quantities

compared to conventional herbicides with other modes of action,

their use has a strong reducing effect on the quantity-based EU

Harmonized Risk Indicator. This was introduced to measure

success in reducing the environmental risks associated with

pesticide use. Thus, the results of the present study highlight the
Frontiers in Agronomy 13
limitations of the EU Harmonized Risk Indicator and the need to

consider not only quantity but also toxicological risk in future risk

assessment approaches.
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