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Abstract
Background: Glyphosate-based herbicides (GBHs) are among the most often used pesticides. The hundreds of GBHs
used worldwide consist of the active ingredient (AI) glyphosate in form of different salts, possibly other AIs, and various mostly undisclosed co-formulants. Pesticide risk assessments are commonly performed using single AIs or GBHs
at standard soil conditions without vegetation. In a greenhouse experiment, we established a weed population with
common amaranth (Amaranthus retroflexus) to examine the effects of three GBHs (Roundup LB Plus, Roundup PowerFlex, Touchdown Quattro) and their corresponding AIs (salts of glyphosate isopropylammonium, potassium, diammonium) on the activity and physiological biomarkers (glutathione S-transferase, GST; acetylcholine esterase, AChE) of
an ecologically relevant earthworm species (Lumbricus terrestris). GBHs and AIs were applied at recommended doses;
hand weeding served as control. Experiments were established with two soil types differing in organic matter content
(SOM; 3.0% vs. 4.1%) and other properties.
Results: Earthworm activity (casting and movement activity) decreased after application of glyphosate formulations or active ingredients compared to hand weeding. We found no consistent pattern that formulations had either
higher or lower effects on earthworm activity than their active ingredients; rather, differences were substance-specific.
Earthworm activity was little affected by soil organic matter levels. Biomarkers remained unaffected by weed control types; GST but not AChE was decreased under high SOM. Water infiltration after a simulated heavy rainfall was
interactively affected by weed control types and SOM. Leachate amount was higher after application of formulations
than active ingredients and was higher under low SOM. Glyphosate concentrations in soil and leachate were strongly
affected by application of formulations or active ingredients and varied with SOM (significant weed control type x
SOM interaction).
Conclusions: We found that both commercial formulations and pure active ingredients can influence earthworms
with consequences on important soil functions. Glyphosate products showed increased, reduced or similar effects
than pure glyphosate on particular soil functions; soil properties can substantially alter this. Especially at lower SOM,
heavy rainfalls could lead to more glyphosate leaching into water bodies. A full disclosure of co-formulants would be
necessary to further decipher their specific contributions to these inconsistent effects.
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Background
Glyphosate-based herbicides (GBHs) are the globally
most widely used pesticides applied in many sectors of
agriculture, forestry, landscape planning, municipalities,
and in private gardens [1–3]. Several hundred GBHs are
in use and it is estimated that about 825 million kilograms of the active ingredient (AI) glyphosate (N-phosphonomethyl-glycine) is globally used per year [2, 4]. It is
rarely acknowledged that the AI glyphosate is not a single
chemical but rather used in various salt forms with different chemical, physical and toxicological properties:
e.g., as ammonium, dimethylammonium, isopropylammonium, potassium or trimesium salt of glyphosate [1,
5]. In order to formulate the commercial GBHs a multitude of co-formulants is added to these AIs for instance
to improve the adhesion at the plant surface or to facilitate the intrusion into the target plant [1]. These co-formulants are considered inert although many AIs are only
fully effective with these substances in the formulation.
Studies have shown that herbicide formulations can
be differently effective against weeds [6] and non-target
organisms than the mere AIs [7–12]. The proportion of
co-formulants in GBH can reach up to 20% and GBHs
toxic effects and endocrine disrupting properties were
mostly due to the co-formulants even at concentrations
much lower than used in practice [13, 14]. Therefore, in
the European Union, environmental risk assessments for
pesticide approval include the testing of AIs of potential
side-effects on non-target species and of at least one lead
formulation depending on its characteristic and usage
according to standard guidelines [15, 16]. However, it is
difficult to evaluate whether these risk assessments adequately assess non-target effects of the various products
in use since the ingredients of commercial pesticides are
considered as confidential business information and not
declared.
After GBH application glyphosate residues remain in
the soil with a half-life ranging from 2 to 215 days [17],
depending on soil biological properties, the content of
soil organic matter (SOM) and nutrients, or climatic factors [18–20]. Glyphosate residues (and its metabolites)
can detrimentally influence crops, non-target plants and
other organisms and the long half-life period is a concern
[21]. In boreal soils 19% of the applied glyphosate was
found even 20 months after the application; most glyphosate came into the soil via plant roots [22, 23]. Glyphosate
and its metabolite aminomethylphosphonic acid (AMPA)
are among the most commonly found pesticide residues

in soils [24–26] and water bodies around the world [2,
17, 27–30]. In aquatic systems glyphosate residues can
affect the growth of algae and development of amphibians [31–33].
Earthworms (Lumbricidae) constitute the majority of
soil faunal biomass in many temperate agroecosystems
with up to 1000 individuals and 300 g of biomass in each
square metre of land [34, 35]. They modulate agroecosystem function by affecting nutrient cycling and decomposing organic material [36, 37], recovering soil carbon
pools after disturbance [38], maintaining soil microbial
diversity [39, 40], controlling plant pathogens [41–43],
influencing water infiltration, and interacting with above
ground organisms [44–47]. Thus, any herbicide-induced
effect on earthworm activity will impact these ecosystem
functions and influence water infiltration, and the binding and leaching of glyphosate [48].
Glyphosate has been shown to cause acute and chronic
toxicological effects on a variety of animals [49]. Most
studies on earthworms have been conducted using single glyphosate AIs or GBHs and only a few compared
commercial GBHs with their respective AIs [50]. Earthworms of the species Eisenia fetida in soil contaminated
with GBH residues (Roundup Ready-to-Use III, Roundup
Super Concentrate) show less body mass decline and
stress than those living in soil contaminated with the
AI (glyphosate isopropylammonium salt) or in uncontaminated soil [51]. Others found that neither herbicide
products (Spasor and Stam Novel Flo 480) nor their corresponding AIs (glyphosate and propanil) affected earthworm avoidance behaviour of E. andrei [52]. Other not
glyphosate herbicides showed similar impacts on earthworms (E. andrei) for one product-AI pair (Mikado vs. AI
sulcotrione), but higher toxicity of the other product-AI
pair (Viper vs. AI penoxsulam) [53]. An excellent overview of earthworm studies dealing with GBHs and/or AIs
provides Pochron et al. 2019 [54]; authors conclude that
inconsistent results across studies most likely arise from
variations in methodological approaches and the use of
different earthworm species.
Besides behavioural measures, also biomarkers have
been used to assess the effect of pesticides on earthworms. Changes in the activity of antioxidant enzymes
including superoxide dismutase and catalase were used
[55–57]. Membrane bound glutathione S-transferase
(GST) activity, a major metabolic enzyme that contributes to the detoxification and neutralization of pollutants,
was significantly elevated in earthworms (Lumbriculus
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variegatus) exposed to Roundup Ultra [55]. Elevated
activities of GST were also observed in three earthworm
species (Alma millsoni, Eudrilus eugeniae and Libyodrilus violaceus) exposed to Roundup Alphée while acetylcholine esterase (AChE), a neurotransmitter inactivating
enzyme affecting neurotransmission and muscular activities, was found to be insensitive to this herbicide [58].
To the best of our knowledge, so far, no study compared impacts of several GBHs and their respective AIs
on ecologically relevant earthworm species and associated ecosystem functions under different soil conditions.
Therefore, we conducted a greenhouse experiment with
a model weed population to assess (i) the effects of three
widely used commercial GBHs and their pure AIs on the
activity and physiology of the anecic earthworm species
Lumbricus terrestris, (ii) whether different soil properties alter these responses, and (iii) the fate of glyphosate
in soil and water samples after simulating a heavy rainfall event. We hypothesized that both GBHs and AIs
affect earthworms, but that GBH-effects will be stronger
because they contain co-formulants that can be toxic
to earthworms [13]. We expected to be able to explain
potential changes in earthworm activity and physiology
by altered biomarker activity. We further hypothesized
that GBH/AI-induced changes in earthworm activity will
influence water infiltration and the absorption of glyphosate in soil and leachate. Due to a higher absorption of
glyphosate onto soil organic matter we expected to find
higher glyphosate concentrations in soils and consequently less glyphosate in leachate under higher SOM.
Earthworm activity was examined over four weeks and
effects were expected to decrease over time.

Materials and methods
Experimental design

The study was conducted as a pot experiment in a greenhouse of the University of Natural Resources and Life
Sciences, Vienna (BOKU), Austria, between 20 April and
9 July 2018. The two-factorial design included the factor weed control type and the factor soil organic matter
(SOM) content. Weed control types consisted of three
GBHs, three corresponding AIs and hand weeding as a
control treatment (details below). Soil organic matter levels consisted of soil with 3.0% (low SOM) and 4.1% (high
SOM). Every treatment was replicated five times resulting in ((3 GBHs + 3 AIs + 1 control) × 2 SOM levels) × 5
replicates = total 70 pots.
We used plastic planting pots with a surface diameter
of 31 cm, a height of 23 cm and a volume of 17.4 l. In
order to prevent the earthworms from escaping, the bottom drainage holes of the pots were covered with a mosquito net (mesh size 1 mm); the upper rim was extended
with a 20 cm high transparent plastic barrier greased
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with plant based soft soap. During the course of the
experiment, average air temperature in the greenhouse
was 21.3 ± 4.1 °C at natural light conditions.
Topsoil (0–10 cm) was collected using a frontloader
on a tractor either from a conventionally managed (low
SOM) or an organically managed (high SOM) field of the
Research Farm of the University of Natural Resources
and Life Sciences Vienna. Soil type was in both cases a
calceric Chernozem [59] cultivated using common crop
rotations following good agricultural practice. As a consequence of their historically different cultivation the
two soil types did not only differ in their SOM, but also
in their P and K contents, however for the sake of clarity we refer mainly as low and high SOM soils. Overall,
these SOM levels also reflect the average situation in
conventional and organic arable farms in the region. Low
SOM soils had a SOM content of 3.0%, P = 73 mg kg−1,
K = 140 mg kg−1, pH (CaCl2) = 7.7; high SOM soils had a
SOM content of 4.1%, P = 113 mg kg−1, K = 234 mg kg−1,
pH (CaCl2) = 7.7. All soil properties were determined
according to standard methods: SOM following [60], P
and K following [61], pH following [62].
Soil was thoroughly mixed, sieved (mesh size 1 cm)
and equal amounts were filled in the respective pots. The
experimental soil was not sterilized and contained original soil micro- and mesofauna. Arable soil with low SOM
was treated with synthetic insecticides (AIs deltamethrin,
pymetrozine) three years prior to soil sampling; no herbicides were applied on these fields for at least five years.
Soils with high SOM were organically farmed for 25 years
and not treated with synthetic insecticides or herbicides
ever since.
Amaranthus retroflexus was used as a model weed population, because it is one of the most commonly occurring weeds in arable fields in the study area. To generate
a plant cover, A. retroflexus was sown on 20 April 2018
in four rows about 6–7 cm apart from each other. Each
pot received 0.3 g of seeds according to the sowing recommendations for A. retroflexus. Seeding material was
provided by ATC—Austrian Technology Corporation
GmbH. Pots were irrigated with 0.2 l pot−1 of tap water
on six days a week with a watering can.
As a bioindicator for possible non-target effects of
GBH/AI applications we introduced three adult and clitellated Lumbricus terrestris earthworm specimens to
each pot (mean body mass 5.00 ± 1.22 g). Earthworms
were purchased in a shop for fishing supplies in Vienna
and added to the mesocosms on 12th May (22 days after
seeding). To provide extra food for earthworms, chopped
hay (0.5 g pot−1) was added to all pots once a week. Most
earthworm studies on herbicide effects have been conducted using epigeic compost worms (Eisenia species)
[54, 63, 64] that is a surrogate species in environmental

No info in SDS and PPDB Half-life: 2–174 days

Strong adsorption in
SDS; no info in PPDB

< 20% alkyl polyglycosides; < 3% nitroryl; > 33% water &
formulation additives in
SDS; no info in PPDB

No info in SDS and PPDB

Known co-formulants

No info in SDS and PPDB No info in SDS and PPDB No info in SDS and PPDB Immobile in SDS; no info 10–20% D-gluco-pyrain PPDB
nose, oligomeric, decyl
octyl glycosides in SDS;
no info in PPDB

Yes (Eisenia fetida)

Mobility in soil

No info in SDS and PPDB No info in SDS; non
mobile in PPDB

AI tested on earthworms Persistence and
(spp.)
degradability

No info in SDS and PPDB No info in SDS; low
acute and moderate
chronic toxicity (E.
fetida) in PPDB

Ecotoxicological assessment for all three GBHs and AIs attest them acute aquatic toxicity

435

Touchdown Quattro Diammonium salt (Am)

486

588

Isopropyl-ammonium
salt (Ipa)

Roundup LB Plus

Conc. AI (g l−1) GBH tested on earthworms (spp.)

Roundup Power Flex Potassium salt (Po)

AI

GBH

Table 1 Relevant ecological information of glyphosate-based herbicides (GBHs) or active ingredients (AIs) used in the current experiment according to safety data sheets (SDSs)
of the manufacturers, and for AIs only according to the Pesticide Properties Database (PPDB; sitem.herts.ac.uk/aeru/ppdb/en/index.htm)
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risk assessments [65, 66] but commonly do not inhabit
agroecosystems. Here, we wanted to test GBH/AI effects
on L. terrestris, an anecic species, that indeed inhabits
arable fields [41, 67].
Weed control types

The GBH/AI treatments were applied on 13th June 2018
(54 days after seeding) onto A. retroflexus that had an
average plant height of 22 cm. The used GBHs (herbicide
formulations) were: Roundup LB Plus (LB), Roundup
PowerFlex (PF) (both products of Monsanto Agrar
Deutschland GmbH) and Touchdown Quattro (TQ) (a
product of Syngenta Agro GmbH), purchased at a local
garden shop. Product information relevant for the current study according to the safety data sheets is provided
in Table 1.
The corresponding AIs were salts of glyphosate: isopropylammonium salt (Ipa, AI of LB), potassium salt (Po, AI
of PF) and diammonium salt (Am, AI of TQ). Glyphosate
isopropylammonium salt was purchased from Toronto
Research Chemicals (North York, Canada), while the
potassium and diammonium salts were prepared and
synthesized at the Agro-Environmental Research Centre,
Institute of Environmental Sciences, Hungarian University of Agriculture and Life Sciences, Budapest, according
to the procedures described previously [68]. The pastelike AIs were stirred in deionized water to make them
applicable via a sprayer.
GBHs were applied once at recommended dosages
just as they would be applied to kill weeds before sowing (psmregister.baes.gv.at): 5 l ha−1 for LB, 3.75 l ha−1
for PF and 5 l 
ha−1 for TQ. The dosages for the AI
glyphosate salts were determined according to the concentration levels as given in the list of ingredients of the
corresponding herbicide formulations. Different dosages
recommended for the formulations resulted in a slightly
different amount of glyphosate applied of 243, 221,
218 mg a.i. m
 −2 for LB, PF and TQ, respectively. These
different dosages would also be applied in the field when
recommendations are followed. Overall, we assumed
that manufacturers gave their dosage recommendations
in order to achieve the highest efficacy for their product
while posing the least harm for the environment and it
is therefore appropriate to compare the GBHs and AIs
among each other despite differences in application rates.
All substances were sprayed on plant leaves using spray
bottles with brass pump mist nozzles; we used separate
spray bottles for each treatment. At the time of application plants in the pots covered the soil surface and
direct spray on the soil was avoided. Most of the plants
died within 5 days after spraying. In control treatments
plants were hand weeded (pulled out) and left on the
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soil surface; afterwards tap water was applied in equal
amounts as for the GBH/AI treatments.
Measurements
Determination of earthworm activity and biomarkers (GST
and AChE activity)

Earthworm activity was assessed once a week by taking
two measures of surface activity. First, casts deposited
on the soil surface were collected during 4 weeks before
and 4 weeks after GBH/AI application, counted, dried
for 48 h at 50 °C and weighed. Earthworm activity was
based on number and mass of casts produced per sampling event for the period before and after application
of weed control type. Second, earthworm surface movement activity was assessed using the toothpick method
[69]. Therefore, 10 wooden toothpicks mesocosm−1 were
slightly inserted in a uniform pattern into the soil surface
in a vertical position in the evening. Then, in the following morning the number of inclined or knocked-over
toothpicks was counted. Activity was categorized according to the position of toothpicks: not disturbed (0 score),
inclined (0.5 score), knocked-over (1 score). The category
values were multiplied with the number of toothpicks in
the respective category, summed up and used as a measure for earthworm surface activity.
Physiological reaction of earthworms to weed control treatments were assessed by measuring activities of
the glutathione S-transferase (GST) and acetylcholine
esterase (AChE) enzymes, as commonly used biomarkers. Chemicals used for the assays were obtained from
Sigma-Aldrich Kft. (Budapest, Hungary): 1-chloro2,4-dinitrobenzene (CDNB), 5,5′-dithiobis-2-nitrobenzoic acid (DTNB), acetylthiocholine iodide, L-glutathione
(reduced form), Bradford Reagent, bovine serum albumin
(BSA), sodium hydrogen carbonate. All chemicals were
of the highest commercially available grade.
At the end of the experiment (26 days after GHB/AI
treatment) the survived adult and juvenile earthworms
were collected by flipping over the pots; the collected
earthworms were immediately frozen at − 20 °C and
delivered to Hungary, where the samples were kept at
− 80 °C until sample preparation. One adult earthworm
from three randomly selected pots per treatment was
weighed individually after the rinse and wiping process;
thus three earthworms were used in enzymatic assays
for GBHs and AIs. There were too few juvenile specimens to analyse. Weighed samples were added (1:2 w/v
ratio) to ice cold sodium phosphate buffer (0.1 M, pH
7.2) and homogenized in ice using an T10 basic UltraTurrax (IKA – Werke GmbH & Co. KG, Staufen, Germany) at 15,000 rpm for 30 s, 20,000 rpm for 30 s and at
25,000 rpm for 30 s. 200 mg of homogenized sample was
added to pre-cooled Eppendorf tubes with 800 µl ice cold
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sodium phosphate buffer (0.1 M, pH 7.2) resulted in the
recommended 1:10 w/v ratio [70, 71]. The homogenates
were kept at − 80 °C until usage, then were centrifuged
for 30 min at 12,000 × g and 4 °C. 450 µl of the supernatants were transferred into pre-cooled LoBind microcentrifuge tubes and stored on ice until the measurement of
enzyme activities. AChE and GST activities were measured in 3 replicates sample−1. The activity of enzymes
was calculated from the slope of the absorbance curve
and expressed as µM of formed product minute−1 mg−1
protein, therefore prior the enzymatic assays protein
concentrations of samples were determined in duplicates by the Bradford method [72] using BSA as a protein
standard.
GST activity was determined using microtiter plates
[73]. Enzymatic assays were performed in a reaction mixture containing 10 mM L-glutathione (reduced form)
(GSH) and 10 mM CDNB as a substrate in potassium
phosphate buffer (0.1 M, pH 6.5). For the determination
of GST activity 10 µl of the supernatant and 240 µl of
the reaction mixture were added to the wells of the precooled microtiter plate. Blanks were achieved under the
same conditions, but the sample was replaced by buffer.
The reaction was followed spectrophotometrically using
a VICTOR 2 multilabel plate reader (PerkinElmer, USA)
at 340 nm and 25 °C for 3 min at every 15 s. GST activity was expressed in µM of conjugated GSH m
 in−1 mg−1
protein.
AChE activity in each sample was measured according
to the method of [74] and adapted to 96 well microtiter
plates [75]. During the determination acetylthiocholine
iodide was used as substrate. The reaction mixture was
prepared in sodium phosphate buffer (0.1 M, pH 7.2)
containing 0.5 mM DTNB and 7.5 mM acetylthiocholine
iodide and was kept in dark due to photosensitivity. For
the determination of AChE activity 10 µl of supernatant
and 240 µl of reaction mixture were added to the wells
of the pre-cooled microtiter plate. The reaction was followed spectrophotometrically on a VICTOR 2 multilabel
plate reader (PerkinElmer, USA) at 405 nm and 25 °C for
3 min at every 15 s. The reaction mixture without samples was used as blank. AChE activity was expressed in
µmoles of hydrolysed acetylcholine iodide m
 in−1 mg−1
protein.
Soil parameters, water infiltration, glyphosate
concentrations in soil and water, plant harvest

Soil temperature, moisture and electrical conductivity were measured two times a week using time domain
reflectometry (TDR; IMKO HD2, with calibration
01—universal, and the moisture sensor TRIME-PICO,
Ettlingen, Germany). Place markers in the centre of the
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mesocosms were kept in position to avoid injuring earthworms when inserting the TDR sensor fork.
At the end of the experiment (9th July 2018), we simulated a heavy rainfall event by pouring three litres of tap
water (39.7 l m−2) on the surface of the experimental pots
using a watering can with a sprinkler and measured the
time needed for complete infiltration of the water. Water
leaching out of the experimental pots was collected in
pot saucers, volume measured and frozen at − 20 °C until
further analysis.
Degradation and accumulation of glyphosate were
measured in soil samples, collected over the course of the
experiment (22nd June, 4 July and 9 July 2018) using a soil
core sampler (1 cm diameter, 5 cm depth), by HPLC analysis at the Agro-Environmental Research Centre in Budapest, Hungary. Prior to HPLC analysis the soil samples
were prepared in five steps. First, 5 g air-dried soil was
extracted (25 ml of 0.03 mol l−1 phosphate, 0.01 mol l−1
citrate buffer), by using 30 min ultrasound agitation and
the phases were separated by 10 min centrifugation at
3000 rpm. Ten ml of the supernatant was derivatized
in the second step by adding 0.9 ml of 130 mM borate
buffer (pH = 9) and 0.3 ml of 10 mM FMOC-Cl reagent.
Solutions were homogenized by shaking and vortex,
then kept for 2 h at room temperature in the dark. Third,
removal of derivatizing agent was carried out by extraction of FMOC-Cl with 2 × 3 ml diethyl ether, 5 min centrifugation at 3000 rpm between extractions and removal
of organic phase. Fourth, set pH = 3 with HCl solution.
Fifth, the aqueous phase was subjected to solid phase
extraction (SPE) to concentrate the samples. Cartridges
(Strata-X sorbent, 33 μm, 200 mg, 3 ml; Phenomenex)
were conditioned (5 ml of MeOH, 5 ml of 2xd. H
 2O, 5 ml
of 50 mM phosphate buffer at pH 3), then samples were
loaded followed by washing (3 ml of 2xd. H2O), 2–3 min
drying, and elution with 5 ml of MeOH. The eluates were
evaporated to dryness and re-solved in 0.5 ml of the initial HPLC eluent.
Concentrations of glyphosate in leachate were determined at the Agro-Environmental Research Centre
in Budapest, Hungary, by applying the HPLC method
reported earlier [76]. Briefly, glyphosate was separated
on a C18 column (Kinetex Core Shell, Phenomenex,
150 mm × 4.6 mm, i.d., 5 μm) at 40 °C and UV detector
signals were recorded at λ = 260 nm. The eluent flow rate
was 0.7 mL min−1 with gradient elution. Initially, the eluent consisted of a 1:9 mixture of A:B eluents (A = 100%
ACN, B = 10 mM aqueous sodium acetate buffer, pH = 6)
that was gradually increased to 90% A at 6 min and maintained for 3 min. Prior to HPLC analysis the water samples were prepared following the steps 2–5 as described
above for the preparation of the soil samples, starting
with 10 ml water samples.
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(GLMs or LMs) considered weed control type (GBHs,
AIs, control), SOM and their interactions; secondly
more detailed analyses considering individual substances
were performed. Time was included as covariate for
earthworm activity parameters (4 sampling dates) and
glyphosate in soil (3 sampling dates). Additional covariates included in the statistical models were soil moisture,
temperature and conductivity. Treatment effects of onetime measured parameters AChE, GST, infiltration time,
leachate amount and glyphosate in water were analysed
using LMs and ANOVAs; for glyphosate in soil, time was
additionally used as covariate to account for the three
measurement dates. For both analyses post-hoc comparisons (Tukey) were made as simultaneous tests for general
linear hypotheses but only performed when main effects
were significant (p < 0.05).

At the end of the experiment (26 days after applying the
treatments), A. retroflexus biomass in the pots was separated in dead and green biomass; biomass was dried at
55 °C for 5 days and weighed afterwards.
Statistical analyses

Statistical analyses were conducted with the software R
version 4.0.3 (The R Foundation for Statistical Computing; http://www.R-project.org) using the packages car
[77] and multcomp [78]. Our statistical approach was
to first perform analyses testing effects of weed control types (GBHs, AIs, hand weeding) and secondly to
perform more detailed analyses among individual substances in order to assess differences between individual
GBHs and their AIs. When the main treatment effects
were significant, post-hoc comparisons were performed.
We used type II tests for the analysis of variance or deviance to cope for possible imbalances.
Pre-treatment period: to examine possible differences
in experimental units prior to application of weed control types effects on cast numbers and surface activity
over a period of 4 weeks were tested using a generalized
linear model (GLM) and analysis of deviance with quasiPoisson distribution with the factors weed control type (3
levels: GBHs, AIs and control) and SOM (2 levels: 3.0%
vs. 4.1% SOM) and their interactions; effects on cast mass
production were analysed using a linear model (LM) and
ANOVAs with Gaussian distribution using the same
factors. Time, soil moisture, temperature and electrical
conductivity were included as covariates in both models. Multiple comparisons (Tukey) were performed when
main effects were significant (p < 0.05).
Treatment period (4 weeks): analyses were performed
in a similar manner as described above. First, analyses

Results
Pre‑treatment conditions and efficacy of weed control

Earthworm activity (number and mass of casts, surface
movement) in the period before application of weed control types was similar in experimental units that were
later assigned to particular treatments and not influenced
by SOM levels (Table 2). Cast mass produced and surface
activity but not cast numbers during the pre-treatment
period varied with time; cast numbers and cast mass were
positively influenced by the covariate soil temperature.
At the end of the experiment, aboveground plant material was collected. Proportion of green biomass was significantly influenced by weed control types but not by
SOM levels. Across SOM, hand weeding showed the
highest efficacy for weed control at a dry mass basis
with 2 ± 6% green biomass remaining at the end of the

Table 2 Pre-treatment period: earthworm activity in pots that were assigned to weed control type (WCT: glyphosate-based
herbicides, active ingredients, or hand weeding as control) at two soil organic matter levels (SOM)
Factors

Mean cast numbers
(no. pot−1)
Df

LR Χ2

Mean cast mass
(g pot−1)
Pr (> Χ2)

Df

F value

Mean surface activity
(toothpick index)
Pr (> F)

Df

LR Χ2

Pr
(> Χ2)

Weed control type

2

1.021

0.600

2

1.429

0.241

2

0.264

0.876

SOM

1

0.138

0.710

1

0.089

0.766

1

0.357

0.550

Covar. time

1

0.215

0.643

1

24.727

< 0.001

1

7.690

0.006

Covar. soil moist. (%)

1

0.092

0.761

1

0.953

0.330

1

0.213

0.644

Covar. soil temp. (°C)

1

17.163

< 0.001

1

25.075

< 0.001

1

0.688

0.407

Covar soil cond. (mS m−1)

1

0.198

0.657

1

0.649

0.421

1

0.592

0.442

WCT x SOM

2

0.092

0.955

2

0.311

0.733

2

0.133

0.936

Residuals

NA

261

NA

GLMs/analysis of deviance was used for cast numbers and surface activity, LM/ANOVA for cast mass; time period (4 weeks), soil moisture, temperature and electrical
conductivity was used as covariates. Significant treatment effects are indicated in bold. NA not applicable. No multiple comparisons were made because of lacking
main effects
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experiment, while 32 ± 13% green mass was found after
GBH treatment and 51 ± 25% after AIs. More details on
the efficacy of weed control types on plants are reported
elsewhere [68].

across weed control types was significantly lower under
higher SOM levels; AChE was unaffected by SOM
(Table 4).

Treatment effects on earthworm activity

Water infiltration was significantly affected by weed control types, SOM and their interactions (Table 5; Fig. 2).
Comparisons between weed control types showed that
water infiltration was significantly lower after GBH or
AI application than after hand weeding, but there was
no difference between GBHs and respective AIs (Table 5;
Fig. 2a, b). Multiple comparisons of GBH-AI pairs
showed no significant difference for water infiltration but
a significant weed control type x SOM interaction with
less infiltration under high SOM (Fig. 2a, b).
Leachate amount was also significantly affected by
weed control types and SOM, but without an interactive effect (Table 5; Fig. 2). Comparisons between weed
control types showed a significant difference between
GBHs and AIs but not between GBH or AI and control
(Table 5). Multiple comparisons of individual GBH-AI
pairs showed no effects (Fig. 2c, d).

Cast numbers and surface movement activity was
affected by weed control types (GBHs, AIs, control), but
not by SOM levels (Table 3; Fig. 1). Cast numbers were
significantly lower after GBH or AI application than after
hand weeding; GBHs and AIs showed similar effects on
cast numbers (Table 3). Surface movement activity was
significantly lower after GBH or AI application than
after hand weeding; effects of GBH and AI were similar (Table 3). Cast mass was unaffected by weed control
types or SOM.
Comparing effects of individual treatments it was seen
that cast numbers (Fig. 1a, b) and surface movement
(Fig. 1e, f ) were significantly affected by weed control
types while cast mass remained unaffected (Fig. 1c, d).
SOM level had no effect on individual measures, however
cast numbers were significantly affect by a weed control
type x SOM interaction. Post-hoc comparisons between
GBH-AI pairs revealed no significant results.
Biomarkers GST and AChE in earthworms

Activity of biomarkers in earthworm tissue was unaffected by weed control types (Table 4). However, GST

Water infiltration and leachate

Glyphosate concentration in soil and leachate

Both glyphosate concentrations in soil (Fig. 3a, b) and
leachate (Fig. 3c, d) were highly significantly affected by
weed control types and their interactions (Table 5). Only
glyphosate in water was additionally affected by SOM

Table 3 After-treatment period: earthworm activity in response to weed control types (WCT: glyphosate-based herbicides GBH, active
ingredients AI, or hand weeding as control) and soil organic matter levels (SOM). GLM/analysis of deviance was used for cast numbers
and surface activity, LM/ANOVA for cast mass; time period (4 weeks), soil moisture, temperature and electrical conductivity was used as
covariates
Mean cast numbers (no. pot−1)

Factors

Mean cast mass (g pot−1)
Df

F value

Pr (> F)

Df

LR Χ2

Pr (> Χ2)

7.558

0.023

2

2.213

0.120

2

11.533

0.003

0.421

0.517

1

0.000

0.996

1

0.667

0.414

1

1.075

0.300

1

0.004

0.952

1

0.221

0.638

Covar. soil moist. (%)

1

11.291

0.001

1

0.000

0.986

1

5.154

0.023

Covar. soil temp. (°C)

1

0.052

0.819

1

0.000

0.998

1

8.417

0.004

Covar. soil cond. (mS m−1)

1

0.054

0.816

1

0.156

0.694

1

0.749

0.387

WCT x SOM

2

0.905

0.636

2

1.042

0.360

2

1.281

0.527

Residuals

NA

LR Χ

Weed control type

2

SOM

1

Covar. time

z value

2

Mean surface activity (toothpick index)

Pr (> Χ )

Df

2

261
Pr( >|z|)

NA
t value

Pr(> t)

z value

Pr( >|z|)

Multiple comparisons of means (Tukey)
AI – control
GBH – control
GBH—AI

− 2.188

− 2.838

− 0.688

0.073

NA

NA

0.013

NA

NA

0.771

NA

NA

Significant treatment effects are indicated in bold. No multiple comparisons were performed for cast mass because of lacking main effects
NA not applicable

− 2.822

− 3.498

− 0.693

0.013
0.001
0.768
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Surface cast numbers
(no. pot-1 )

a

Surface cast mass
(g pot-1 )

c
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Low SOM

b

1

ns

ns

Surface activity
(toothpick index pot-1 )

ns

0.5
ns

ns

0

0
CO LB Ipa PF Po TQ Am

CO LB Ipa PF Po TQ Am

Analysis of deviance for A+B: treatm. P = 0.049, SOM P = 0.435, treatm. x SOM P = 0.008

d

2
1.5
1

2

1.5
ns

ns
ns

0.5

ns
ns

1
0.5

0

ns

0
CO LB Ipa PF Po TQ Am

e

High SOM

1
ns

0.5
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CO LB Ipa PF Po TQ Am

ANOVA for C+D: treatm. P = 0.327, SOM P = 0.647, treatm. x SOM P = 0.882

f

1

0.5
ns

ns

ns

1

ns

0.5
ns
ns

0

0
CO LB Ipa PF Po TQ Am

CO LB Ipa PF Po TQ Am

Analysis of deviance for E+F: treatm. P = 0.025, SOM P = 0.463, treatm. x SOM P = 0.649

Weed control measure

Fig. 1 Mean surface cast numbers (a, b), cast mass (c, d) and
surface movement activity (e, f) in response to hand weeding (CO),
or chemical weed control with glyphosate-based herbicides (LB—
Roundup LB, PF—Roundup PowerFlex, TQ—Touchdown Quattro)
or their respective active ingredients (Ipa—isopropylammonium
salt, Po—potassium salt, Am—diammonium salt) under low (a, c, e)
and high (b, d, f) soil organic matter (SOM) levels. Statistical results
from analyses of deviance and ANOVAs on individual treatments are
given below panels; subsequent Tukey tests compared GBH-AI pairs.
Significant results in bold; ns not significantly different (p > 0.05).
Means ± SE across a 4-week sampling period, n = 5

with higher concentrations under low SOM. Comparisons between weed control types showed significantly
more glyphosate in soil and water under GBH than control, significantly higher glyphosate in soil under AI than
control and significantly more glyphosate in water under
GBHs than AIs (Table 5). Multiple comparisons of individual treatments showed significantly higher glyphosate
concentrations in water under LB compared to its AI Ipa
and between TQ and its AI Am at low SOM (Fig. 3c),
while all other GBH-AI pairs were similar (Fig. 3a–c).

Discussion
We studied the impacts of three commercial glyphosate
formulations and their respective pure glyphosate active
ingredients on earthworms and soil parameters under
two soil organic matter levels. Understanding such interactions is important for more realistic ecotoxicological

assessments [48, 69, 79]. We found a decreased surface
activity of earthworms after GBHs or AIs compared to
hand weeding but no influence of SOM. Earthworm
activity was similarly affected by GBHs and AIs and weed
control types had no influence on biomarkers. Both leachate and glyphosate concentrations in water were significantly higher under GBHs than under AIs. SOM levels
significantly affected GST biomarker activity in earthworms, water infiltration and leaching as well as glyphosate concentrations in water. Of particular importance
were interactions between weed control types and SOM
because they indicate that effects are soil-type specificity, an aspect that is commonly not considered in environmental risk assessments. Below, these effects will be
discussed in more details.
Effects on earthworms

We expected to see different effects between GBHs and
AIs because additional co-formulants in GBHs might
have detrimental effects on earthworms [13]. However,
our findings showed no consistent difference between
effects on earthworm activity of the group of GBHs compared to the group of AIs. Also, we could not confirm
findings that glyphosate (isopropylamine salt) is more
harmful than the respective GBHs (Roundup Ready-toUse III, Roundup Super Concentrate) [51]. In our experiment all treatments left dead plant material as food on
the soil surface. Thus, we explain a reduced earthworm
activity after GBH or AI application compared to hand
weeding as an avoidance of glyphosate contaminated
leaf material on the soil surface. Further, this difference
might be due to (i) known detrimental effects of GBHs
and AIs on earthworm activity [48, 51, 54, 69, 80, 81], (ii)
a slightly higher soil moisture in control pots as a result
of a higher weed control efficacy of hand weeding as
compared to GBH/AI applications and thus lower plant
transpiration [48, 82]. Another explanation might be that
dying roots after GBH/AI application provided a food
source for earthworms belowground which shifted their
activity from aboveground to belowground [83]. Earthworm activity was assessed over four weeks but we found
no indication that effects would decrease with time. Others have shown that earthworms (E. fetida) can recover
from effects of GBHs (Roundup Ready-to-Use III) after
three weeks [84].
Although earthworm activity (cast numbers, surface activity) was significantly affected by GBHs and
AIs, multiple comparisons of individual GBHs and AIs
showed no significant differences. This is mainly due
to complex interactions with SOM levels indicating
that impacts of GBHs and AIs depend on soil properties. Effects of GBHs were in some cases higher, in others lower than effects of the respective AIs. The only
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Table 4 Biomarkers (acetylcholine esterase AChE, glutathione S-transferase GST) in earthworms in response to weed control types
(WCT: glyphosate-based herbicides GBHs, active ingredients AIs, hand weeding as control) at different soil organic matter (SOM) levels
(low 3.0%, high 4.1%)
Weed control type

SOM level

GBH

Low

AChE activity
µMol min−1 mg−1
523.54 ± 98.48

AI

463.27 ± 115.13

565.59 ± 95.99

Control
GBH

469.79 ± 69.67

603.37 ± 159.65

High

446.99 ± 74.24

521.79 ± 127.42

AI

366.87 ± 105.26

463.18 ± 86.69

Control

396.90 ± 127.49

499.76 ± 9.09

ANOVA results
Factors

GST activity
µMol min−1 mg−1

AChE activity
Df

398.99 ± 50.48
GST activity

F value

Pr (> F)

Df

F value

Pr (> F)

Weed control type

2

0.385

0.683

2

0.152

0.860

SOM

1

3.071

0.088

1

6.209

0.017

2

1.115

0.339

2

0.132

0.877

WCT × SOM

Residuals

36

36

Means ± SD, n = 15 for GBH and AI; n = 5 for control. Significant results in bold. No multiple comparisons were made because of lacking main effects

consistent pattern across GBHs and AIs was that after
GBHs/AIs application earthworm activity was in the
majority of cases lower and never higher than after
hand weeding. Our observations also confirm earlier
findings that different agrochemicals affect different
parameters in earthworms [85].
In contrast to our current findings are results from
other experiments, where no short-term effects of
GBHs on the activity (and growth) of L. terrestris was
observed, e.g., for the product Rodeo XL with 360 g l−1
[86] or for Roundup Power Flex with 588 g l−1 both with
potassium salt as AIs [87]. However, it was also shown
that GBHs (Roundup Ready-to-Use III, Roundup Super
Concentrate) were actually less harmful for earthworms
(E. fetida) than pure isopropylamine glyphosate salt
[51]. Unfortunately, a further exploration of underlying mechanisms is precluded by the concealment of the
complete list of ingredients of the studied GBHs. Studies show that co-formulants in GBHs were cytotoxic
and endocrine disrupting well below the doses used in
agriculture [14]. It is suggested that glyphosate is only
slightly toxic to plants at the recommended doses in
agriculture and most of the phytotoxic effect of GBHs
come from the co-formulants including the heavy metals arsenic, chromium, cobalt, lead and nickel which are
known to be endocrine disruptors and also toxic to animals [13]. A lower phytotoxicity of the AIs compared to
the GBHs could also be confirmed in a previous study
using the same setting as in the current one [68].

These inconsistent results across studies are difficult to
interpret but most likely arise from variations in tested
application rates, differences in compared formulations
and glyphosate salts, different assessments of earthworm
activity and different earthworm species investigated
[54]. Our current findings showed that additionally soil
properties play an important interactive role. Moreover,
earthworm responses to GBH or AI can also vary with
intrinsic worm characteristics such as the initial body
mass and that their stress reaction against herbicides can
be higher at cooler temperatures [54]. In our study surface movement activity was affected by soil temperature
(as covariate) with decreased activity with increased temperature. However, when comparing these findings it is
important to note that different parameters were assessed
and the former study [54] was conducted with a different earthworm species (E. fetida) that is most likely differently susceptible to herbicides and temperature than
L. terrestris in our experiment [88]. In previous studies
we also found species-specific responses of earthworms
to herbicides. In one study the activity of the anecic L.
terrestris was reduced after GBH application while the
soil-dwelling species A. caliginosa remained almost unaffected [48]. In field studies a lack of earthworm response
to GBH treatment might also be the result of only those
species or individuals remaining that were adapted to
year-long pesticide applications [87, 89]. Another issue
are legacy effects of previous herbicide treatments that
might have interfered with actual applications. However, this is unlikely in our study as low SOM soils did
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Table 5 ANOVA results testing effects of weed control types (WCT: glyphosate-based herbicides GBHs, their active ingredients AIs, or
hand weeding as control) and soil organic matter level (SOM) on water infiltration rate and leachate, and glyphosate concentrations in
soil and water
Factors

Measurement parameters
Water infiltration rate (mm min−1)
Df

F value

Water leachate (l m−2)
Pr (> F)

Df

F value

Pr (> F)
0.010

Weed control type

2

4.725

0.012

2

4.996

SOM

1

45.991

< 0.001

1

28.072

WCT x SOM

2

5.935

0.004

2

1.279

Residuals

64

< 0.001
0.285

64
t value

Pr ( >|t|)

t value

Pr ( >|t|)

Multiple comparisons of means (Tukey)
AI—Control
GBH—Control
GBH—AI

3.006

0.010

2.268

0.066

− 2.680

0.024

− 0.245

0.967

0.461

0.888

Glyphosate conc. in soil (ng g−1)
Df

F value

2.861

0.015

Glyphosate conc. in water (ng g−1)
Pr (> F)

Df

F value

Pr (> F)

Weed control type

2

5.910

0.003

2

11.317

< 0.001

SOM

1

2.745

0.099

1

22.144

< 0.001

Time

1

52.727

< 0.001

WCT x SOM

2

7.242

0.001

Residuals

200

NA

NA

NA

2

4.163

0.020

Pr ( >|t|)

t value

Pr ( >|t|)

0.006

− 1.549

62
t value

Multiple comparisons of means (Tukey)
AI—Control
GBH—Control
GBH – AI

− 3.135
3.317

0.003

0.269

0.960

0.269

4.049

< 0.001

3.953

< 0.001

See Figs. 2, 3 for illustrations of these effects. Significant treatment effects are in bold
NA not applicable

not receive GBH treatments at least in the previous three
years and high SOM soils were under organic cultivation
for 25 years without any herbicide application ever since.
Glyphosate concentrations in control soils of our current
experiment were below detection levels.
Besides earthworms, comparisons between GBHs and
their AIs have rarely been studied on other soil animals
[49]. A study testing the same GBHs and AIs on springtails (soil mesofauna) shows increased surface activity of
springtails both under GBHs and AIs compared to hand
weeding with a higher stimulation of springtail activity
under higher SOM levels [68]. Another study found only
minor effects of GBHs (Roundup Gold, 450 g l−1 potassium salt) on enchytraeids and nematodes [90].
The lack of response of the biomarkers GST and AChE
to GBH and AI applications indicated no altered physiological response of earthworms to GBH or AI is confirmed by findings of others [54–57]. However, because
we analysed GST and AChE only 26 days after GBH/AI

application we might have missed the strongest biochemical response. Others indeed found an inhibition of GST
in the endogeic earthworm Octolasion cyaneum 28 days
after a commercial GBH (Atanor SCA; AI potassium
salt) was applied [56]. The lack of response in AChE is in
accordance with the information in the safety data sheets
of Roundup LB Plus and Roundup Power Flex mentioning that the products are not AChE inhibitors. Our findings suggested that Touchdown Quattro also does not
appear to be an AChE inhibitor. However, more specific
studies would be necessary to confirm this.
Comparing biomarker studies further confirms that
different earthworm species respond differently to different GBHs: in the three earthworm species (Alma millsoni, Eudrilus eugeniae and Libyodrilus violaceus) higher
activities of GST were observed after GBH (Roundup
Alphée; isopropylammonium salt of glyphosate as AI)
application while no response on AChE activity was seen
[58]. Overall, the application of various pesticides have

b

Low SOM

150

150

100

100

Leachate (l m-2 )

c

ns

ns
ns

50
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High SOM

50

0

ns

ns

ns

0
CO LB Ipa PF Po TQ Am

CO LB Ipa PF Po TQ Am

ANOVA for A+B: treatm. P = 0.068, SOM P < 0.001, treatm. x SOM P = 0.043

d 15

15

ns

b 140

140
120
100
80
60

ns

ns

5

0

0

ns
ns

CO LB Ipa PF Po TQ Am

120
100
80

ns
ns

40
20
0

ns
ns
ns

60
40
20
0

ns

CO LB Ipa PF Po TQ Am

c
10

5

High SOM

Soil samples

CO LB Ipa PF Po TQ Am

ANOVA for A+B: treatm. P = 0.018, SOM P = 0.097, treatm. x SOM P = 0.002

ns

10

Low SOM

a
Glyphosate conc. (ng g-1 )

Infiltration rate (mm min-1 )

a

(2021) 33:51

CO LB Ipa PF Po TQ Am

ANOVA for C+D: treatm. P = 0.029, SOM P < 0.001, treatm. x SOM P = 0.546
Weed control measure

Fig. 2 Mean water infiltration rate (a, b) and leachate amount (c, d)
after a simulated heavy rainfall in response to hand weeding (CO),
or chemical weed control with glyphosate-based herbicides (LB—
Roundup LB, PF – Roundup PowerFlex, Touchdown Quattro—TQ) or
their respective active ingredients (Ipa—isopropylammonium salt,
Po—potassium salt, Am—diammonium salt) under low (a, c) and
high (b, d) soil organic matter (SOM) levels. Statistical results from
ANOVAs are given below panels; Tukey tests compared GBH-AI pairs.
ns not significantly different (p > 0.05). Means ± SE, n = 5

been shown to reduce AChE activities in earthworms
(Allolobophora chlorotica) in apple orchards [91].
Water infiltration, leaching and glyphosate in soil
and leachate

After simulating a heavy rainfall event with 40 mm,
we found that the water infiltration rate and leachate
amount were affected by both GBH/AI application and
SOM. We interpret this as a consequence of GBH/AI
effects on earthworm burrowing activity and consequences for soil hydrology [44, 48, 92, 93]. A higher
water infiltration at lower SOM can be attributed to
lower water-holding capacities in soils with less organic
matter [94]. It was interesting to see that water infiltration under low SOM was twice as high than under
high SOM (significant herbicide x SOM interaction)
although SOM levels of the two soil types only differed
by 1.1% (relative difference in SOM between soil types
36%). More detailed studies would be needed to examine whether there is a tipping point in SOM effects on
infiltration. As direct effects of GBH or AI on SOM
are not plausible we believe that herbicide interactions
with SOM are mediated by earthworms. Anecic earthworm species, such as L. terrestris studied here, form
permanent and stable burrows that are important for

Glyphosate conc. (ng g-1 )
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Water samples

d 140

140
120
100
80
60
40
20
0

***
*

ns

120
100
80
60
40
20

ns

ns

ns

0
CO LB Ipa PF Po TQ Am

CO LB Ipa PF Po TQ Am

ANOVA for C+D: treatm. P < 0.001, SOM P < 0.001, treatm. x SOM P < 0.001

Weed control measure

Fig. 3 Mean glyphosate concentrations in soil (a, b) and leachate (c,
d) after a simulated heavy rainfall in response to hand weeding (CO),
or chemical weed control with glyphosate-based herbicides (LB—
Roundup LB, PF—Roundup PowerFlex, TQ—Touchdown Quattro) or
their respective active ingredients (Ipa—isopropylammonium salt,
Po—potassium salt, Am—diammonium salt) under low (a, c) and
high (b, d) soil organic matter (SOM) levels. Statistical results from
ANOVAs are given below panels; Tukey tests compared GBH-AI pairs.
Significant effects in bold; ns not significantly different (p > 0.05),
*p < 0.05, ***p < 0.001. Means ± SE, n = 5

water infiltration and soil aeration [95] and earthworm
activity has been shown to affect glyphosate leaching
[69].
When heavy rainfalls become more prevalent under
climate change [96] a higher infiltration would be beneficial after heavy rainfalls. However, a higher infiltration might also increase glyphosate leaching. Indeed,
we found that both GBH and AI application strongly
increased glyphosate concentrations in soil and leachate
and both parameters were highly influenced by a herbicide x SOM interaction. Generally, after GBH application
twice as high glyphosate concentrations were found in
soils at high SOM than at low SOM. Contrastingly, after
AI application lower glyphosate concentrations were
found at high SOM than at low SOM. Sorption and degradation of glyphosate depends on various environmental
conditions like microbial activity, temperature, soil moisture, pH and soil minerals [97], and in our experiment
regular watering most likely increased the degradation
of glyphosate in the soil [98, 99]. More detailed studies
would be necessary to reveal the underlying mechanisms
also regarding the interaction with soil biological activity
and chemistry.
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The current study focused only on responses to a
one-time GBH/AI application and we cannot predict long-term consequences. Glyphosate is commonly considered to easily degrade with an estimated
half-life of 2–215 days depending on soil types and
environmental factors [17]. Others found that 19%
of the applied amount of glyphosate was present in
the topsoil even 20 months after its application [22,
23]. These results indicate rather long persistence
for glyphosate (at least in boreal soils) and that residues might affect earthworms over a longer time. To
what extent such residues affect earthworm population dynamics or whether glyphosate is bioaccumulated or biomagnified by earthworms remains to be
studied [58]. Our analyses were conducted 26 days
after GBH/AI applications and indicate that substantial amounts of glyphosate are still available in soils
especially under high SOM (82 ± 23 µg kg−1 across
GBHs, 41 ± 18 µg kg−1 across AIs) and would thus
be prone to leaching. Glyphosate residues have been
found in topsoils across Europe and 45% of the soils
contained > 50 µg kg−1 [100]. In Argentina, due to
intensive cultivation of glyphosate-tolerant genetically
modified crops glyphosate was almost ubiquitous in
soils with very high concentrations up to 8105 μg kg−1
[101]. Experimental results show that 88% of the
applied glyphosate was retained in the upper 0–9 cm
surface soil layer, but that glyphosate residues were
also found down to 1 m soil depth [102].
We also found considerable amounts of glyphosate in leachate (up to 66 µl l−1 under low SOM)
with interactive effects between weed control types
and SOM. At low SOM glyphosate concentrations in
leachate was 41% higher under GBHs but 76% lower
under AIs compared to glyphosate concentrations in
the soil. In contrast, at high SOM glyphosate concentrations in leachate was 87% lower under GBHs
and 88% lower under AIs than glyphosate in the soil.
This finding indicated that co-formulants in GBH
might have influenced the mobility of AI in the soil–
water interface. To elucidate the underlying mechanisms including biological and chemical interactions
it would be necessary to know the exact ingredients of the GBHs. Studies confirm that glyphosate
leaching is a problem. When rain falls shortly after
GBH application, up to 47% of the applied glyphosate has been shown to be dissipated with surface
run-off [103]. In a greenhouse pot study with field
soil glyphosate was also easily leached with concentrations > 250 µg l −1 in leachate [69]. In Argentina
areas of intensive glyphosate use, maximum glyphosate concentrations in surface water were 1.80 μg l−1
[101].
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Conclusions
We found that both commercial glyphosate formulations and pure active ingredients can reduce earthworm
activity compared to hand weeding, with cascading consequences for the fate of glyphosate in soil and leachate.
Because water infiltration and glyphosate in soil and
water were also interactively influenced by soil properties
we suggest that relationships between formulations and
active ingredients, earthworms and ecosystem functions
are likely to be soil type specific. In order to fully understand the differential effects of formulations vs. their
active ingredients a full disclosure of all ingredients in the
formulations would be mandatory. Clearly, more investigations considering long-term effects at different trophic
levels seem necessary for a more realistic evaluation of
ecological side-effects of glyphosate herbicides.
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