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Abstract
BACKGROUND: Low toxin doses that do not affect mean responses in plant populations can still change the growth of subpopulations. Studies covering vegetative stages ascribed fast-growing plants higher thresholds for growth stimulation and inhibition, compared with the rest of the population. We hypothesized that such selective effects also play a role after reproduction;
that is, the offspring of glyphosate-treated tolerant, fast-growing phenotypes is more tolerant than the offspring of untreated
plants. An experimental, high-density barley population was exposed to a range of glyphosate concentrations in the greenhouse, and reproduction and ﬁnal growth were analyzed for selective effects. Therefore, F0, F1 treated and F1 non-treated offspring were re-exposed to glyphosate.
RESULTS: Low doses of glyphosate inhibited the growth and reproduction of slow-growing plants at concentrations that did
not change the population mean. Concentrations that inhibited average-sized plants hormetically increased the biomass
and seed yield of fast-growing plants. Compared with F0 and F1 non-treated offspring, F1-treated offspring from hormetically
stimulated fast-growing plants were more glyphosate tolerant. Hence, a pesticide can shape the reproductive pattern of a plant
population and alter offspring tolerance at concentrations that have no effect on average yield.
CONCLUSIONS: Toxin levels that do not change the population mean still alter the reproductive output of individuals. Sensitive
phenotypes suffer, whereas the reproduction of tolerant phenotypes is boosted compared with toxin-free conditions. Because
glyphosate is one of the leading herbicides in the world, tolerant phenotypes may beneﬁt from current agricultural practices. If
these results apply to other toxicants, low toxin doses may increase the ﬁtness of tolerant phenotypes in a way not previously
anticipated.
© 2021 The Authors. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.
Supporting information may be found in the online version of this article.
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1 INTRODUCTION
Plants can be unintentionally exposed to low doses of agrochemicals during or after regular application for pest control on the
applied area, adjacent areas or in adjacent ecosystems (for example, as a result of drift, volatilization, application errors, carry over,
soil degradation, protection from larger plants, leaf contact
between treated and untreated plants, mulch covering or runoff).1–4 The levels of such non-target plant exposures are often
found to be within the subtoxic low-dose range, that is at doses
lower than those causing an adverse response, and are thus considered acceptable if exposures stay below certain thresholds. For
the most used herbicide worldwide, glyphosate (N-(phosphonomethyl)glycine), the risk to terrestrial non-target plants posed by
spray drift rates that stay below 5.0 g a.i. ha–1 was considered protective and up to 9.7 g a.i. ha–1 was considered acceptable.5,6
Several studies show that glyphosate exposures below these
thresholds are not without effect for individual species, but rather
can lead to alterations in plant growth such as hormesis (reviewed

in Brito et al.3) and/or selective growth effects on individual plants
within a population.7–9 Hormesis represents the stimulatory effect
of a subtoxic level of a toxin or stressor on organisms.10 In agriculture, glyphosate hormesis in various crop and weed plant species
represents the best-known example of herbicide hormesis.
Although hormesis is common with most herbicides, the hormetic effect of glyphosate is generally greater and more
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Herbicide stress changes plant reproduction

exposure levels. These adaptations may initially be minor and
without a visible effect on the population, but may add up to
effective long-term changes in plant populations. However, our
current understanding is limited. Selective low-dose effects have
been observed at the germinating seedling stage in microplate
assays for several plant toxins7–9,15–17,20 and at vegetative growth
stages in a more natural experimental setting under greenhouse
conditions.13 An intriguing question is how long the general outcomes observed in these short-term studies prevail and if they are
likewise representative of reproductive endpoints, generative
growth stages or plant communities.13 Building on recent ﬁndings of altered offspring tolerance by herbicide stress,21 it is essential to also address possible selective transgenerational effects in
terms of offspring tolerance structuring in the subsequent
generation.
This study was conducted mainly to investigate if low-dose
selectivity induced by glyphosate in early vegetative growth
stages of a crowded H. vulgare population has an impact on plant
growth to maturity and on reproduction. The study should further
provide a ﬁrst hint on selective offspring tolerance via glyphosate
hormesis in terms of more-tolerant phenotypes produced by hormetically stimulated fast-growing plants. To do so, we exposed
barley seedlings in a high-density trial to glyphosate spray treatments that do and do not change the mean response of a barley
population. Seeds harvested at selected parental conditioning
doses were subjected to renewed glyphosate testing. The following hypotheses were studied in detail: (1) low-dose effects of
glyphosate on size distribution persist until maturity; (2) low-dose
effects of glyphosate on size distribution affect reproduction in
high-density populations; and (3) low-dose effects of glyphosate
on size distribution have the potential to select for more-tolerant
phenotypes.

2 MATERIALS AND METHODS
2.1 Herbicide and application
Glyphosate was used as a formulated product [Glyfos Supreme,
Cheminova Deutschland; 450 g a.i. L–1 (607 g L–1 isopropylamine
salt)] and was mixed in demineralized water to give various concentrations for spray application. In Experiment 1, there were
14 treatments (0.1, 1, 4, 8, 16, 32, 63, 125, 175, 250, 350,
600, 1000, 2000 g a.i. ha–1) and an untreated control. In Experiment 2, there was one glyphosate treatment (250 g a.i. ha–1)
and an untreated control. The majority of approved ﬁeld rates
for glyphosate treatments in Germany are between 1080 and
1800 g ai ha–1. In all experiments, herbicide application was done
at the one-shoot growth stage (BBCH 10)22 using a laboratory
sprayer equipped with a ﬂat-fan nozzle (type TP 8002 EVS,
TeeJet-Spraying Systems) at 300 kPa pressure, a constant spray
volume of 200 L ha–1, a speed of 800 mm s–1 and 50 cm distance
between the sprayed surface and the nozzle. To achieve uniform
exposure, plants were placed in the middle of the sprayed area.
After application, plants were cultivated in a greenhouse until
harvest.
2.2 Greenhouse pot trials
2.2.1 Pre-cultivation of plants (Experiments 1 and 2)
Seeds of spring barley var. RGT Planet (University of Hohenheim)
were placed in plastic boxes (20 × 20 × 6 cm) on one layer of ﬁlter
paper soaked with demineralized water and were allowed to germinate for 2 days in a growth chamber (24/18°C, 12:12 h light/
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consistent than that of most other compounds.2,11 The dose
range over which hormesis manifests depends on various factors
such as plant species, endpoint, growth stage or environmental
conditions.1 For glyphosate, doses below the acceptable threshold for spray drift rates can induce substantial hormesis in individual species.1-3 For example, species like Pinus caribaea Morelet,
Eucalyptus grandis W.Hill ex Maiden, Arabidopsis thaliana (L.)
Heynh., Glycine max (L.) Merr., Hordeum vulgare L., Echinochloa
crus-galli (L.) P.Beauv., Commelina benghalensis L. or Lathyrus
aphaca L. show considerable hormesis (12–300% increase over
control) at glyphosate doses between 0.2 and 8.0 g a.i. ha–1
(reviewed in Brito et al.3 and Belz and Duke1,2). Other species, for
example coffee (maximum stimulation at up to 738 g a.i. ha–1
glyphosate),12 need a much higher glyphosate dose to be hormetically stimulated. This shows that a hormetic low-dose is not a
static, explicit measure. A particular dose that is considered low
and stimulatory to some species may be ineffective or toxic to
others.13 This dose-dependence of responses can be observed
inter- and intraspeciﬁc between individuals in a population due
to differences in individual sensitivity, for example sensitive and
herbicide-resistant plants14 or slow- and fast-growing plants.7–9
This phenomenon represents the basic principle for selective
low-dose effects in plant populations and has been conﬁrmed
for several toxins with wild and cultivated plant species.7–9,13,15–17
Low concentrations of glyphosate cause variable intraspeciﬁc
effects among the individuals within a population and have abundant selective toxin effects under conditions that mimic spray
(drift) exposure in the ﬁeld.13 In a high density-population of
H. vulgare (barley), low-dose glyphosate stress changed selfthinning processes due to selective stimulation of smaller
plants.13 Slow-growing plants showed selective glyphosate hormesis at ‘no effect’ doses leaving most of the population unaffected,
followed by selective toxicity when most of the population
showed hormesis. More-tolerant, fast-growing plants showed
selectively stimulated growth when most of the population suffered toxicity.13 This dose selectivity changes the size structuring
within a population, and selects for and against certain phenotypes or subpopulations. Selection for and against individual phenotypes affects the adaptability of a population, especially under
extreme environmental conditions, and is thus related to the survival of individual phenotypes and, hence, ultimately to reproduction.8,16,18–20 Moreover, if low-dose selection favors less-sensitive,
that is more tolerant, fast-growing individuals via selective hormesis, there is a risk that selected plants are additionally primed via
hormesis to produce more stress-tolerant offspring21 and are thus
provided with an additional selection advantage over the majority of a toxin-exposed population. Because the observed tolerance
in the fast-growing subpopulation could approach the extent of
low-level herbicide resistance,13 selective low-dose effects may
be relevant not only for herbicide side-effects that go beyond
the exposed area, but also for weed control and the evolution of
herbicide resistance. Thus, there is a risk for selective low-dose
effects to induce cascading ecosystem effects in the long term,
spanning from changes in population dynamics to genotypic
adaptations and/or ecotype formation to changes in biodiversity
in (agro-)ecosystems.8,19 Glyphosate is, however, just one example of an agriculturally and ecotoxicologically relevant toxin causing low-dose effects because segregating effects seem
widespread among toxins.9
To summarize current understanding, low-dose toxin selectivity
may induce a number of subtle adaptations in plant populations
at doses below acceptable thresholds or at realistic off-ﬁeld
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dark photoperiod). Boxes were closed with a lid and watered with
demineralized water as required.
Germinated seeds (0.5–2.0 cm radicle, with or without a coleoptile) were transplanted into plastic pots (10 cm diameter, 7.5 cm
height, 0.43 L volume) ﬁlled with a soil substrate (high loamy sand
with pH 6.9 and 5.1% Corg). Transferred plants were allowed to
grow in a greenhouse for 5 days until the ﬁrst-leaf stage prior to
glyphosate application.
After application, pots were put in watertight trays
(31 × 53 × 1 cm) and the trays were placed in a completely randomized design, which was changed twice a week. Plants were
watered with tap water as required and exposed to additional
light (300 μE m–2 s–1) from 6 a.m. to 11 a.m. and from 4 p.m. to
8 p.m. Average day (6 a.m. to 8 p.m.) and night (8 p.m. to 6 a.m.)
temperatures and relative humidity (RH) during the trial periods
were: 26.6 ± 5.6°C and 35 ± 11% RH (day) and 17.7 ± 3.9°C and
50 ± 12% RH (night) in Experiment 1 (January to May 2019); and
27.8 ± 5.2°C and 26 ± 10% RH (day) and 20.1 ± 2.8°C and 36
± 10% RH (night) in Experiment 2 (April 2020).
2.2.2 Experiment 1: long-term high-density trial
Initially, 32 germinated seeds were transferred to each replicate
pot and thinned to 30 plants per pot prior to glyphosate application. There were 8 replicate pots per treatment and 16 replicate
pots for the untreated control (3840 individuals, 240 plants per
dose). All pots were fertilized once after herbicide application
(1 day after treatment; DAT) using a universal long-term NPK fertilizer with Mg and S (Floranid® Twin Permanent, 16% N + 7%
P2O5 + 16% K2O + 2% MgO + 8% S, COMPO EXPERT) at a rate of
approximately 1 g pot–1. Thereafter (≥ 21 DAT), pots were
watered with 0.2% WUXAL® Super (NPK fertilizer solution 8% N,
8% P2O5, 6% K2O with trace nutrients; AGLUKON) twice a week
until harvest. An infestation with sucking insects was constantly
monitored and any pests were removed manually. At senescence,
watering of pots with all plants ripened and fully desiccated was
gradually stopped, and plants were harvested approximately
1 month from the end of watering. Each individual plant of the
30 plants per replicate was cut at the soil surface and analyzed
for the following endpoints: total plant length (shoot ± ear and
awns), ear length (without awns), shoot dry weight, ear dry weight
(ear and awns), seed number per plant and seed weight per plant.
Shoot and ear weights were summed to the ﬁnal total plant dry
weight and seed number and yield data were used to calculate
the 1000-seed mass (that is, the weight of 1000 seeds). Hence,
eight different endpoints were evaluated, targeting plant length,
biomass production and reproduction. The time of transfer of germinated seeds to that of ﬁnal harvest was up to 5 months.
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2.2.3 Experiment 2: short-term low-density trial
Experiment 2 compared the glyphosate sensitivity of three sets of
plants: the ﬁrst set consisted of parent plants, F0; the second set
consisted of their F1 offspring derived during Experiment 1 from
untreated F0 plants (5th to 95th percentiles; see Section 2.3); and
the third set consisted of their F1 offspring derived during Experiment 1 from treated (350 g a.i. ha–1), fast-growing F0 plants (above
the 95th percentile; see Section 2.3). The fast-growing F0 plants
showed signiﬁcant glyphosate-hormesis in several traits at 350 g
a.i. ha–1 (Figures 1–3). The selection of offspring sets of plants for
Experiment 2 was based on their parental shoot biomass and
1000-seed mass achieved in Experiment 1. The experiment was
conducted as described above at a plant density of three plants
per pot and with three replicate pots per treatment. After
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glyphosate application, plants were cultivated for 14 days before
harvesting and evaluated for shoot dry weight. There were 19 days
in total between transfer of germinated seeds and ﬁnal harvest.
2.3 Statistical analysis
2.3.1 High-density trial (Experiment 1)
Data evaluation for the high-density trials was carried out as
described previously.8,13,15,16,20
Data preparation. For each endpoint measured (see Section 2.2.2), the mean values per replicate of the overall population
were ﬁrst calculated (mean of 30 plants per replicate). These replicate values per treatment were used to model dose–response
relations (Experiment 1).
To evaluate selective dose effects, the absolute values per replicate (30 plants) were used to calculate percentile values for each
replicate. At the left tail of the size distribution (the smallest individuals referred to as the slow-growing subpopulation), the 5th
and 10th percentiles were calculated. At the right tail of the size
distribution (the tallest individuals referred to as the fast-growing
subpopulation), the 90th and 95th percentiles were calculated.
These percentile values per replicate and treatment were used
to analyze selective low-dose effects in both experiments and to
model selective dose–response relations at the subpopulation
level in Experiment 1. The numbers of seedlings per percentile
replicate out of 30 that fell into the respective percentile in the
various treatments and endpoints are given in Table S1. On average, 5.7 seedlings (Experiment 1) fell into a percentile replicate. All
analyses were performed using SAS v.9.4.
Selective low-dose effects. All data sets were tested for normality (Shapiro–Wilkʼs test, P > 0.05). Data sets that violated the
assumption of normality were transformed via Box-Cox power
transformation. Transformation was done after estimating the
optimal value of the transformation parameter ⊗ from the data
by the maximum likelihood method (−3 < ⊗ < 3) using the
TRANSREG procedure of SAS.23-26 Transformation was necessary
for 36 of 50 data sets. Transformation ﬁxed the problem of violating normality for most data sets. Thereafter, a Mann–Whitney
U-test sorted treatments with signiﬁcantly different values in
mean values per dose from control treatments (⊍ = 0.05). For
glyphosate treatments showing no difference in mean values
per dose, the percentile values per replicate (5th, 10th, 90th
and 95th percentile) were compared with those of the control
treatment with Mann–Whitney U-tests.7,15 To account for the
multiple testing, the obtained P-values were adjusted with Bonferroni correction using the MULTTEST procedure of SAS.
Dose–response modeling. Dose–response curves were modeled
for mean values per replicate and for the ‘percentile’ values representing the most slow-growing (5th percentile) and most fastgrowing individuals (95th percentile). Two equations with biologically meaningful parameters were used. The NLMIXED procedure
of SAS was used to ﬁt response values per dose (y) as a nonlinear
function of dose (x) to either the monophasic function of Streibig27 (Equation 1) or the biphasic function of Brain and Cousens28
allowing for hormesis (Equation 2):
y = c + ððd−cÞ=ð1 +expðb*lnðx=ED50 ÞÞÞÞ

ð1Þ

y =c + ðððd−cÞ +f *x Þ=ð1+expðb*lnðx=eÞÞÞÞ

ð2Þ

where c is the mean response at inﬁnite doses, d is the mean
response of the untreated control, f is the degree of hormetic
increase, b determines the slope of the decreasing curve part
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FIGURE 1. Dose–response effects of glyphosate at senescence on reproduction of Hordeum vulgare (cv. RGT Planet) at the population level (mean) and
the 5th or 95th percentile (%ile) in a greenhouse trial. Left, seed number per plant; middle, seed yield per plant; right, 1000-seed mass per plant. Parameter
f denotes signiﬁcant hormesis (f > 0) or a monophasic relation as best ﬁt (f = 0). Data are means of eight replicates per treatment and ≥ 2 to 30 plants per
percentile and replicate.

FIGURE 2. Dose–response effects of glyphosate at senescence on biomass of Hordeum vulgare (cv. RGT Planet) at the population level (mean) and the 5th
or 95th percentile (%ile) in a greenhouse trial. Left, shoot dry weight per plant (DW); middle, ear weight per plant; right, whole-plant dry weight. Parameter
f denotes signiﬁcant hormesis (f > 0) or a monophasic relation as best ﬁt (f = 0). Data are means of eight replicates per treatment and ≥ 2 to 30 plants per
percentile and replicate.

FIGURE 3. Dose–response effects of glyphosate at senescence on whole plant length (left) and ear length (right) of Hordeum vulgare (cv. RGT Planet) at
the population level (mean) and the 5th or 95th percentile (%ile) in a greenhouse trial. Parameter f denotes signiﬁcant hormesis (f > 0) or a monophasic
relation as best ﬁt (f = 0). Data give means of eight replicates per treatment and ≥ 2 to 30 plants per percentile and replicate.

response ymax at dose M, as well as ED110 (dose causing 10%
stimulation), ED10 (dose causing 10% inhibition) and ED50. Moreover, a sensitivity factor (SF) was calculated to quantify the dose
distance (difference between doses) between two variants as
the quotient of estimated effective doses (for example,
ED50 90th percentile/ED50 population mean) using the ESTIMATE statement within the NLMIXED procedure of SAS.
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and ED50 is the dose causing 50% inhibition, while parameter
e has no straightforward biological meaning.28 The hormetic
model was ﬁtted to all data sets that displayed an estimate of
f with a 95% conﬁdence interval that did not cover the value zero
(f > 0) and, thus, indicated signiﬁcant hormesis.29,30
Further quantitative features were deduced using
reparameterizations,29–31 namely the maximum stimulatory
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Starting values for the regression parameters were selected
based on the graph of the data for response y versus dose x.
Response variance heterogeneity was accounted for by using
the inverse variance of replicates at each dose as weight. Signiﬁcant differences between ED50 values were evaluated by pairwise
comparisons using the CONTRAST statement within the NLMIXED
procedure of SAS.
2.3.2 Low-density trial (Experiment 2)
Sets and treatments were compared by a two-way analysis of variance (ANOVA) with the Tukey test (⊍ = 0.05).

3 RESULTS
3.1 Dose–responses at the population level
(Experiment 1)
A detailed listing of all estimated dose–response parameters and
sensitivity factors with their standard errors can be found in
Table 1.
3.1.1 Mean reproduction
Hormesis was missing in mean values of all reproductive endpoints. Seed number was the most sensitive endpoint and seed
yield the least sensitive (Figure 1 and Table 1). Untreated plants
developed on average 14 seeds per plant, giving a seed yield of
489 mg plant–1 and a 1000-seed mass of 34 g. Inhibition of seed
number started at doses exceeding an ED10 of 96 g a.i. ha–1 and
reached ED50 at 334 g a.i. ha–1. Comparing ED values, responses
in 1000-seed mass were on average 1.6-fold less sensitive and
responses in seed yield 1.8-fold less sensitive. Comparing ED
values for all endpoints measured, mean seed number was the
most sensitive trait with respect to glyphosate. Compared with
the most tolerant trait being mean shoot weight, the M dose causing an ymax of 141% of control in shoot weight reduced mean
seed number by nearly 50% (Figures 1 and 2 and Table 1 provides
all dose–response estimates in detail with standard error).
3.1.2 Mean biomass
Hormesis was evident at the population level in shoot dry weight,
whereas mean responses in ear weight and total plant dry weight
were monophasic (Figure 2 and Table 1). The hormesis peak in
shoot biomass started at an ED110 of 57.7 g a.i. ha–1, showed a ymax
of 141% of control at M = 345 g a.i. ha–1 and ended at doses
exceeding an ED10 of 693 g a.i. ha–1. A 50% inhibition in mean
shoot weight was observed at 933 g a.i. ha–1. Comparing ED
values, responses in ear weight were on average 2.0-fold more
sensitive and responses in whole plant weight were 1.2-fold
more sensitive. Comparing all endpoints measured, mean shoot
weight was the only endpoint showing hormesis at the population level and also the most tolerant endpoint of all traits
(Figures 1–3 and Table 1).
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3.1.3 Mean plant length
Mean plant and ear length responses were both monophasic with
total plant length showing a higher sensitivity to glyphosate than
ear length (Figure 3 and Table 1). Inhibition in total plant length
started at an ED10 of 333 g a.i. ha–1 and reached an ED50 at
565 g a.i. ha–1. Approximately 1.3-fold higher doses were needed
at each ED level to achieve the same effect in ear length.
Overall, reproductive traits showed the most sensitive mean
responses with a mean (± SD) ED50 of 421 ± 87 g a.i. ha–1,
whereas biomass production was least sensitive with a
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mean (± SD) ED50 of 806 ± 153 g a.i. ha–1. Because mean shoot
dry weight was the only trait expressing hormesis at the population level at maturity, hormesis frequency was 11% and hormesis
occurred at doses below 693 g a.i. ha–1 glyphosate (below the
ED10) equaling less than 39% to less than 64% of the approved
ﬁeld rates for glyphosate treatments in Germany.
3.2 Long-term selective low-dose effects (Experiment 1)
Selective low-dose effects were observed for all percentiles evaluated [10the percentile or below (slow-growing plants) and 90th
percentile or above (fast-growing plants)] and for all endpoints
evaluated.
3.2.1 Selective reproduction responses
The mean values of 10 doses (seed number, 1000-seed mass) or
11 doses (seed yield) were not signiﬁcantly different from the control (Table 2). Of these doses, the majority were located in the lowdose range below the ED10, but six doses were in the high-dose
range above the ED10. At the lowest doses, treatments of 4 and
8 g a.i. ha–1 showed selective toxicity among fast-growing plants
in seed number and seed yield (both percentiles). Treatments of
16 and 32 g a.i. ha–1 caused selective stimulation among slowgrowing plants in seed yield and 1000-seed mass (both percentiles). At doses closer to the ED10 or above (125 g a.i. ha–1 or
above), selective effects occurred as toxicity on slow-growing
plants (both percentiles; all endpoints).
3.2.2 Selective biomass responses
The mean weight values of 10 doses (shoot and ear weight) or
12 doses (whole plant weight) were not signiﬁcantly different
from the control (Table 2). Of these doses, the majority were
located in the low-dose range and only one dose was in the
high-dose range. At the lowest doses, a treatment of 0.1 g
a.i. ha–1 showed selective stimulation of fast-growing plants (ear
weight; both percentiles) and a treatment of 4 g a.i. ha–1 caused
selective toxicity among slow- and fast-growing plants (all endpoints and percentiles). At doses closer to the ED10 or above
(125 g a.i. ha–1 or above), selective effects appeared more often
and were characterized by inhibition of slow-growing plants
(doses of 175 g a.i. ha–1 and above, all endpoints and percentiles)
and stimulation of fast-growing plants (all doses of 125 g a.i. ha–1
and above, all percentiles, two endpoints).
3.2.3 Selective plant length responses
The mean length values of 11 doses were not signiﬁcantly different from the control (Table 4). Of these doses, the majority were
located in the low-dose range and only one dose was in the
high-dose range. At the lowest doses, a treatment of 16 g
a.i. ha–1 showed selective stimulation of slow-growing plants
(plant length; both percentiles) and some selective toxicity
occurred among fast-growing plants at 4 and 8 g a.i. ha–1 (both
endpoints and percentiles). At doses closer to the ED10 (175 g
a.i. ha–1 and above), selective effects predominated and were
characterized by inhibition of slow-growing plants (doses of
175 g a.i. ha–1 and above, both percentiles and endpoints) and
stimulation of fast-growing plants (doses of 250 g a.i. ha–1
and above, both percentiles and endpoints).
Summing up all 340 possible cases of selective low-dose
effects (Tables 2–4), 81 (24% frequency) showed selective lowdose effects. The phenomenon occurred less often among
fast-growing individuals (42% of all 81 cases). Low-dose stimulation (36% of all 81 cases) was less prevalent as selective low-
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1000-seed mass [g]

Seed yield per plant [g]

Seed number per plant

[g plant–1]

Whole plant dry weight

Ear weight [g plant–1]

plant–1]

Shoot dry weight [g

Monophasic
Biphasic
Biphasic

Mean

5th percentile

95th percentile

Monophasic
Biphasic

5th percentile
95th percentile

Biphasic
Monophasic

Mean

95th percentile

Biphasic
Monophasic
Monophasic

95th percentile

Mean
5th percentile

Monophasic

Biphasic
Monophasic

95th percentile
Mean

5th percentile

Monophasic
Monophasic

Mean

Monophasic
Biphasic

5th percentile

5th percentile
95th percentile

Biphasic

Biphasic

Mean

95th percentile

Biphasic
Monophasic
Monophasic

Mean
5th percentile

95th percentile

0.0

0.0

0.0

0.0
0.0

0.0

0.0

0.0
0.0

2.51 ± 0.23
2.51 ± 0.26
10.17 ± 3.79

34.31 ± 0.48
48.09 ± 0.60

8.34 ± 5.79
7.47 ± 2.97

0.13 ± 0.01
0.90 ± 0.03
12.13 ± 1.42

9.41 ± 4.62
2.31 ± 0.33

0.49 ± 0.01

13.81 ± 0.35
4.04 ± 0.34
20.95 ± 0.31

7.73 ± 2.20
1.76 ± 0.17
7.34 ± 5.28

1.901 ± 0.054

0.028 ± 0.020

3.27 ± 0.36

6.90 ± 2.82
4.46 ± 0.95

1.078 ± 0.033
1.243 ± 0.022
0.589 ± 0.015

2.69 ± 0.58
3.16 ± 1.02

0.603 ± 0.018

3.57 ± 0.41
7.66 ± 2.12

0.170 ± 0.012

0.010 ± 0.003

0.0
0.041 ± 0.039

0.0

0.0

0.011 ± 0.002
0.030 ± 0.015

0.364 ± 0.007
0.836 ± 0.026

5.87 ± 1.47

8.08 ± 0.15
0.592 ± 0.010

0.0
0.030 ± 0.024

3.62 ± 0.49

7.94 ± 1.12

0.0
0.0

3.60 ± 0.62
4.63 ± 1.25

13.24 ± 0.61

5.06 ± 0.81
3.64 ± 0.46

5.83 ± 0.09
3.02 ± 0.11

8.74 ± 0.48

b

76.94 ± 0.65

68.47 ± 0.54
59.74 ± 0.83

11.40 ± 0.58

d

c

0.0107 ± 0.0037

1.1133 ± 0.2798

n.s.

n.s.
0.0007 ± 0.0002

n.s.

0.0078 ± 0.0027

n.s.
n.s.

0.0036 ± 0.0005

n.s.

0.0012 ± 0.0003
n.s.

n.s.

n.s.

n.s.
0.0026 ± 0.0002

0.0010 ± 0.0001

0.012 ± 0.002

n.s.
n.s.

0.031 ± 0.004

n.s.

n.s.

f

779.30 ± 664.55

18.48 ± 2.623

–

–
538.94 ± 103.14

–

555.92 ± 27.83

–
–

641.22 ± 82.07

–

555.91 ± 104.08
–

–

–

–
671.64 ± 74.40

344.56 ± 27.82

574.77 ± 71.00

–
–

474.01 ± 21.71

–

–

M (g a.i. ha )

–1

898.58 ± 535.95

58.89 ± 9.43

176.45 ± 19.89

61.48 ± 19.44
802.22 ± 75.33

195.81 ± 41.12

776.80 ± 37.94

95.57 ± 16.80
53.31 ± 12.99

990.72 ± 57.23

123.34 ± 14.07

858.02 ± 69.87
517.98 ± 61.92

56.10 ± 16.15

280.93 ± 74.00

157.06 ± 18.94
1092.02 ± 55.20

693.32 ± 34.65

953.62 ± 64.66

406.51 ± 49.85
122.25 ± 13.55

691.34 ± 21.92

162.29 ± 18.84

332.79 ± 32.71

ED10 (g a.i. ha )

–1

908.92 ± 49.22

89.41 ± 16.92

423.30 ± 25.13

80.02 ± 17.64
931.16 ± 64.55

507.31 ± 57.93

896.72 ± 58.03

333.83 ± 33.06
71.93 ± 11.18

1107.31 ± 57.64

241.69 ± 15.88

993.21 ± 69.30
848.05 ± 67.31

112.41 ± 13.47

636.54 ± 77.94

290.71 ± 19.38
1209.26 ± 73.26

932.74 ± 67.97

1121.35 ± 82.86

748.20 ± 52.87
194.69 ± 19.10

815.89 ± 34.58

296.72 ± 17.74

565.69 ± 25.69

ED50 (g a.i. ha )

–1

Data are mean ± standard error. n.s., not signiﬁcant; SF, ED50 percentile/ED50 population mean; max. dose distance, ED 95th percentile/ED 5th percentile.
*ED50 signiﬁcantly different from mean at ⊍ = 0.05.

Reproduction

Weight

Ear length [cm]

Monophasic
Monophasic

Mean

5th percentile

Length

Plant length [cm]

Basis

Endpoint

Model providing
best ﬁt

115.05 ± 15.96

201.91 ± 29.12

–

–
136.23 ± 9.71

–

118.41 ± 5.44

–
–

204.99 ± 16.06

–

152.58 ± 12.31
–

–

–

–
284.15 ± 24.98

141.15 ± 4.94

168.04 ± 10.11

–
–

116.49 ± 2.32

–

–

Relative ymax (%)

2.15 ± 0.18*

0.21 ± 0.04*

1.0

0.16 ± 0.05*
1.84 ± 0.24*

1.0

2.69 ± 0.29*

1.0
0.21 ± 0.04*

1.31 ± 0.14*

0.28 ± 0.04*

1.56 ± 0.22*
1.0

0.18 ± 0.04*

1.0

0.31 ± 0.04*
1.30 ± 0.13*

1.0

1.50 ± 0.15*

1.0
0.26 ± 0.03*

1.44 ± 0.09*

0.52 ± 0.04*

1.0

Sensitivity
factor (SF) ED50

15.3

13.0

14.6

8.0

15.3

7.0

7.8

4.3

ED10

10.2

11.6

12.5

4.6

8.8

4.2

5.8

2.7

ED50

Max. dose distance

TABLE 1. Regression parameters and estimated quantitative features from the monophasic27 or biphasic28 modeling of glyphosate effects on various endpoints of Hordeum vulgare (8 replicates/treatment; 30 plants/replicate) at senescence
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TABLE 2. Statistical signiﬁcance of the effects of glyphosate at the population mean and the 5th, 10th, 90th or 95th percentiles on reproductive
endpoints of Hordeum vulgare at senescence. Displayed are only concentrations for which mean values at the population level were not signiﬁcantly
different from the control (Mann–Whitney U-test with Bonferroni correction of P-values; ⊍ = 0.05)
Percentileb
Endpoint
Seed number per plant

Seed yield per plant (g)

1000-seed mass (g)

Dose (g a.i. ha−1)

Mean

Dose rangea

5%

10%

90%

95%

Control
0.1
1
4
8
16
32
63
125
175
250
Control
0.1
1
4
8
16
32
63
125
175
250
350
Control
0.1
1
4
8
16
32
63
125
175
250

14.0 ± 4.4
16.4 ± 2.1
12.4 ± 2.8
11.0 ± 1.8
12.2 ± 2.4
16.4 ± 1.5
13.6 ± 2.4
13.4 ± 2.2
11.8 ± 1.4
8.7 ± 1.6
8.8 ± 3.1
0.510 ± 0.181
0.588 ± 0.122
0.460 ± 0.127
0.391 ± 0.083
0.416 ± 0.089
0.634 ± 0.127
0.530 ± 0.106
0.504 ± 0.136
0.470 ± 0.110
0.404 ± 0.093
0.403 ± 0.102
0.324 ± 0.108
33.1 ± 6.9
34.2 ± 4.1
32.7 ± 5.9
32.8 ± 2.4
29.0 ± 6.0
37.3 ± 4.9
36.6 ± 1.5
34.2 ± 5.8
31.8 ± 4.4
28.4 ± 4.1
22.3 ± 5.5

Low

4.2 ± 4.7
7.6 ± 3.2
2.7 ± 3.5
2.2 ± 2.1
1.8 ± 2.6
7.1 ± 2.5
3.4 ± 2.7
3.0 ± 2.9
0.1 ± 0.2**
0.1 ± 0.4**
0.0 ± 0.0**
0.113 ± 0.139
0.199 ± 0.095
0.090 ± 0.119
0.095 ± 0.081
0.075 ± 0.079
0.213 ± 0.081
0.113 ± 0.090
0.114 ± 0.120
0.002 ± 0.007**
0.031 ± 0.042
0.016 ± 0.024*
0.000 ± 0.000**
10.3 ± 9.9
18.4 ± 7.1
10.5 ± 11.8
5.6 ± 9.0
7.6 ± 9.9
27.9 ± 3.9**
16.0 ± 8.2
12.5 ± 12.4
1.2 ± 3.3
1.4 ± 3.9**
0.0 ± 0.0**

6.2 ± 5.6
9.0 ± 3.1
3.8 ± 3.8
4.0 ± 2.2
3.6 ± 3.0
9.6 ± 2.4
7.1 ± 2.8
5.6 ± 3.7
1.1 ± 1.6**
0.3 ± 0.7**
0.0 ± 0.0**
0.164 ± 0.154
0.240 ± 0.095
0.130 ± 0.127
0.144 ± 0.085
0.140 ± 0.082
0.318 ± 0.089*
0.215 ± 0.080
0.180 ± 0.138
0.038 ± 0.054*
0.050 ± 0.069
0.025 ± 0.041**
0.000 ± 0.000**
18.1 ± 10.6
23.3 ± 4.5
18.8 ± 12.3
18.0 ± 8.4
15.6 ± 10.2
29.4 ± 3.8**
25.6 ± 3.1*
21.3 ± 10.7
8.0 ± 11.1
2.9 ± 8.3**
0.0 ± 0.0**

20.3 ± 3.5
22.1 ± 2.4
19.3 ± 2.4
17.2 ± 1.7*
18.6 ± 2.7
21.6 ± 1.3
19.3 ± 2.2
20.6 ± 2.5
21.7 ± 2.7
19.1 ± 4.2
19.6 ± 4.1
0.883 ± 0.247
0.931 ± 0.188
0.803 ± 0.192
0.596 ± 0.117**
0.698 ± 0.151
0.960 ± 0.206
0.868 ± 0.160
0.900 ± 0.242
0.993 ± 0.214
0.886 ± 0.282
0.832 ± 0.160
0.921 ± 0.241
47.3 ± 9.4
45.1 ± 4.5
46.2 ± 4.3
45.6 ± 1.7
43.2 ± 2.2
45.9 ± 5.2
47.4 ± 3.1
46.4 ± 6.4
48.5 ± 5.1
50.1 ± 3.2
42.1 ± 5.9

21.4 ± 3.2
22.7 ± 2.4
20.5 ± 2.3
19.0 ± 2.2*
19.3 ± 2.2*
22.3 ± 1.3
20.2 ± 1.8
21.8 ± 1.7
24.0 ± 3.2
21.1 ± 4.2
22.6 ± 2.5
0.971 ± 0.247
1.010 ± 0.196
0.878 ± 0.215
0.727 ± 0.149*
0.751 ± 0.157*
1.039 ± 0.196
0.948 ± 0.150
1.024 ± 0.258
1.155 ± 0.292
1.048 ± 0.246
0.998 ± 0.163
1.165 ± 0.283
50.2 ± 9.6
48.6 ± 6.5
48.7 ± 4.5
47.9 ± 2.4
44.7 ± 2.0
49.1 ± 5.5
50.1 ± 2.6
49.8 ± 7.4
52.6 ± 5.5
52.5 ± 3.5
45.9 ± 4.6

High

Low

High
Low

High

Data are the mean of eight replicates per concentration ± standard deviation.
Dose range: low < ED10 < high.
Signiﬁcantly different from control at **⊍ = 0.05 or *⊍ = 0.1 according to the Mann–Whitney U-test with Bonferroni correction of P-values.

a

b
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dose toxicity (64%). Most of the 81 cases were located within the
low-dose zone (75%) and 25% of all cases were located in the
‘high-dose’ zone just below the application rate that caused a
toxic effect on mean size. In the high-dose zone, the rate of
selective effects was 63% (20 of 32 possible cases) and, thus,
considerably higher than in the low-dose zone with just 20%
(60 of 308 cases). Approximately 80% of the low-dose effects
in the high-dose zone were low-dose toxicity among slowgrowing plants and 20% were low-dose stimulation among
fast-growing plants. Selective low-dose stimulation occurred
primarily among fast-growing individuals (79% of all 29 cases;
Tables 2–4), whereas selective low-dose toxicity occurred primarily among slow-growing individuals (79% of all 52 cases;
Tables 2–4). Regarding the endpoint measured, the phenomenon was more prevalent in shoot dry weight (30% of 40 possible

wileyonlinelibrary.com/journal/ps

cases; Table 3) and in whole plant dry weight (30% of 48 possible
cases; Table 3) and less prevalent in ear weight (15% of 40 possible cases; Table 2) and in 1000-seed mass (18% of 40 possible
cases; Table 2).

3.3 Dose–responses at the subpopulation level
(Experiment 1)
Among the 16 ‘percentile-dependent’ dose–response curves
modeled for the 5th percentile and the 95th percentile, 9 were
biphasic (56% frequency). Values of ymax ranged between 115%
and 284% of control and appeared at M doses of 18.5–779 g
a.i. ha–1 glyphosate depending on the endpoint measured. Stimulation disappeared at doses exceeding an ED10 of 53.3 g a.i. ha–1 to
up to 1092 g a.i. ha–1 equaling between 1% and 101% of the

© 2021 The Authors.
Pest Manag Sci 2021; 77: 4770–4784
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TABLE 3. Statistical signiﬁcance of the effects of glyphosate at the population mean and the 5th, 10th, 90th or 95th percentiles on plant weight of
Hordeum vulgare at senescence. Displayed are only concentrations for which mean values at the population level were not signiﬁcantly different from
the control (Mann–Whitney U-test with Bonferroni correction of P-values; ⊍ = 0.05)
Percentileb
Endpoint
Shoot weight per plant (g)

Ear weight per plant (g)

Aboveground biomass
per plant (g)

Dose (g a.i. ha−1)

Mean

Dose rangea

5%

10%

90%

95%

Control
0.1
1
4
8
16
32
63
125
175
600
Control
0.1
1
4
8
16
32
63
125
175
250
Control
0.1
1
4
8
16
32
63
125
175
250
350
600

0.618 ± 0.088
0.611 ± 0.055
0.579 ± 0.069
0.577 ± 0.076
0.566 ± 0.043
0.623 ± 0.052
0.592 ± 0.078
0.712 ± 0.153
0.743 ± 0.116
0.674 ± 0.164
0.633 ± 0.137
0.622 ± 0.207
0.713 ± 0.139
0.563 ± 0.156
0.522 ± 0.088
0.481 ± 0.157
0.774 ± 0.151
0.670 ± 0.138
0.632 ± 0.150
0.603 ± 0.115
0.490 ± 0.110
0.523 ± 0.195
1.240 ± 0.281
1.324 ± 0.191
1.142 ± 0.220
1.099 ± 0.119
1.047 ± 0.167
1.397 ± 0.199
1.261 ± 0.211
1.345 ± 0.263
1.346 ± 0.190
1.181 ± 0.304
1.351 ± 0.233
1.324 ± 0.209
0.980 ± 0.251

Ultra-low

0.351 ± 0.074
0.386 ± 0.043
0.358 ± 0.042
0.350 ± 0.096
0.364 ± 0.026
0.375 ± 0.076
0.366 ± 0.029
0.382 ± 0.073
0.383 ± 0.049
0.254 ± 0.034**
0.026 ± 0.007**
0.145 ± 0.145
0.256 ± 0.115
0.136 ± 0.144
0.086 ± 0.078*
0.096 ± 0.098
0.295 ± 0.092
0.180 ± 0.106
0.190 ± 0.128
0.060 ± 0.024
0.041 ± 0.039
0.027 ± 0.027
0.526 ± 0.199
0.658 ± 0.136
0.567 ± 0.138
0.540 ± 0.162
0.541 ± 0.102
0.703 ± 0.186*
0.599 ± 0.074
0.656 ± 0.148
0.540 ± 0.075
0.356 ± 0.085*
0.400 ± 0.143
0.172 ± 0.149**
0.022 ± 0.011**

0.414 ± 0.072
0.425 ± 0.044
0.387 ± 0.039
0.397 ± 0.033
0.406 ± 0.019
0.442 ± 0.047
0.413 ± 0.048
0.427 ± 0.073
0.422 ± 0.055
0.330 ± 0.053**
0.029 ± 0.009**
0.228 ± 0.173
0.302 ± 0.104
0.193 ± 0.164
0.170 ± 0.074*
0.157 ± 0.121
0.408 ± 0.109
0.263 ± 0.093
0.265 ± 0.152
0.102 ± 0.048
0.054 ± 0.038**
0.046 ± 0.037**
0.671 ± 0.224
0.765 ± 0.110
0.665 ± 0.191
0.611 ± 0.110
0.646 ± 0.123
0.849 ± 0.141
0.714 ± 0.129
0.766 ± 0.179
0.613 ± 0.077
0.439 ± 0.108**
0.502 ± 0.130
0.261 ± 0.201**
0.027 ± 0.011**

0.819 ± 0.125
0.796 ± 0.094
0.767 ± 0.103
0.732 ± 0.147*
0.756 ± 0.083
0.794 ± 0.079
0.758 ± 0.104
1.014 ± 0.259
1.085 ± 0.230**
1.056 ± 0.259*
1.629 ± 0.491**
1.059 ± 0.270
1.105 ± 0.215**
0.962 ± 0.225
0.753 ± 0.128
0.839 ± 0.190
1.147 ± 0.238
1.101 ± 0.256
1.109 ± 0.319
1.213 ± 0.256
1.105 ± 0.322
1.006 ± 0.272
1.856 ± 0.386
1.887 ± 0.321
1.694 ± 0.318
1.480 ± 0.244*
1.545 ± 0.233
1.951 ± 0.321
1.854 ± 0.369
2.088 ± 0.553
2.310 ± 0.479
2.151 ± 0.563
2.167 ± 0.262
2.770 ± 0.773**
2.857 ± 0.898**

0.908 ± 0.174
0.845 ± 0.109
0.888 ± 0.199
0.792 ± 0.171
0.796 ± 0.081
0.855 ± 0.090
0.829 ± 0.141
1.252 ± 0.402*
1.271 ± 0.295**
1.265 ± 0.452*
2.164 ± 0.673**
1.153 ± 0.280
1.190 ± 0.227*
1.053 ± 0.239
0.908 ± 0.130
0.912 ± 0.198
1.268 ± 0.261
1.187 ± 0.227
1.239 ± 0.308
1.418 ± 0.330
1.247 ± 0.317
1.236 ± 0.240
2.025 ± 0.420
2.018 ± 0.307
1.870 ± 0.413
1.714 ± 0.318
1.669 ± 0.248
2.111 ± 0.372
1.974 ± 0.335
2.312 ± 0.556
2.588 ± 0.563*
2.421 ± 0.638
2.623 ± 0.497**
3.615 ± 1.068**
3.657 ± 1.096**

Low

Low

Low

High

Data are the mean of eight replicates per concentration ± standard deviation.
a
Dose range: ultra-low < ED110 < low < ED10 < high.
b
Signiﬁcantly different from control at **⊍ = 0.05 or *⊍ = 0.1 according to Mann–Whitney U-test with Bonferroni correction of P-values.

approved ﬁeld rates for glyphosate treatments in Germany
(Figures 1–3 and Table 1).
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3.3.1 Selective reproduction
Responses in reproductive endpoints of the fast-growing 95th
percentile were all signiﬁcantly hormetic. Responses of the slowgrowing 5th percentile were monophasic regarding seed number
and seed yield, but showed signiﬁcant hormesis in 1000-seed
mass (Figure 1 and Table 1). The absolute values of d, as the mean
response of the untreated control, increased consistently in the
order 5th percentile to population mean to 95th percentile.
The 1000-seed mass at the 5th percentile showed a ymax of
202% of control at M = 18.5 g a.i. ha–1. Hormesis ended at an

ED10 of 58.8 g a.i. ha–1, remaining threefold lower than the ED10
at the population level and 13-fold lower than the M dose causing
maximum stimulation in 1000-seed mass at the 95th percentile
(Figure 1 and Table 1). Hence, 1000-seed mass at the 5th percentile level was selectively stimulated at doses that left most of the
population unaffected. The difference between the M doses for
the percentiles in 1000-seed mass was 42-fold. The ymax at the
95th percentile for 1000-seed mass was 115% of control. The dose
range for 1000-seed mass hormesis at the 95th percentile as indicated by M and ED10 caused 100% inhibition of seed production
at the 5th percentile and a decrease of up to 87% at the population level. This selective 1000-seed mass hormesis confronting
no response or strong selective toxicity among the opposite
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TABLE 4. Statistical signiﬁcance of effects of glyphosate at the population mean and the 5th, 10th, 90th or 95th percentiles on plant and ear length
of Hordeum vulgare at senescence. Displayed are only concentrations for which mean values at the population level were not signiﬁcantly different
from the control (Mann–Whitney U-test with Bonferroni correction of P-values; ⊍ = 0.05)
Percentileb
Endpoint
Plant length (cm)

Ear length (cm)

Dose (g a.i. ha−1)

Mean

Dose rangea

5%

10%

90%

95%

Control
0.1
1
4
8
16
32
63
125
175
250
350
Control
0.1
1
4
8
16
32
63
125
175
250
350

68.7 ± 6.6
71.1 ± 4.9
66.6 ± 4.1
63.5 ± 4.6
64.5 ± 6.0
73.8 ± 3.8
69.2 ± 3.0
71.0 ± 5.0
69.1 ± 2.8
64.2 ± 4.7
68.7 ± 3.8
60.5 ± 11.6
6.0 ± 1.2
6.1 ± 0.6
5.5 ± 0.9
5.1 ± 0.5
5.1 ± 1.1
6.3 ± 0.4
5.7 ± 0.7
5.9 ± 0.7
6.2 ± 0.5
5.1 ± 0.9
6.1 ± 0.8
5.5 ± 0.8

Low

57.3 ± 8.7
61.2 ± 5.2
56.7 ± 5.7
50.3 ± 12.6
55.0 ± 7.0
67.1 ± 3.3**
60.0 ± 4.7
61.1 ± 5.9
57.8 ± 2.6
40.7 ± 17.0**
46.8 ± 11.7*
29.4 ± 18.5**
2.8 ± 1.6
3.3 ± 1.0
2.0 ± 1.8
2.0 ± 1.4
2.2 ± 1.4
3.6 ± 0.7
2.9 ± 0.7
3.4 ± 0.6
3.0 ± 0.4
1.0 ± 1.0**
1.1 ± 1.0**
0.4 ± 0.6**

60.0 ± 8.2
63.5 ± 4.7
59.6 ± 5.1
57.1 ± 4.6
57.6 ± 7.2
69.2 ± 3.9**
63.2 ± 3.7
63.2 ± 5.6
60.8 ± 1.8
44.4 ± 18.1**
56.2 ± 9.1
37.4 ± 22.1**
3.4 ± 1.7
3.8 ± 0.6
3.0 ± 1.5
3.0 ± 0.4
2.7 ± 1.7
4.1 ± 0.5
3.5 ± 0.6
3.7 ± 0.7
3.4 ± 0.4
1.5 ± 1.3**
1.8 ± 1.3*
1.0 ± 1.4**

76.6 ± 6.5
77.7 ± 4.8
74.0 ± 3.8
70.0 ± 4.2*
72.4 ± 5.4
79.3 ± 3.6
75.9 ± 4.0
78.4 ± 5.6
78.7 ± 4.2
78.0 ± 7.3
80.3 ± 2.5
85.4 ± 5.1**
8.1 ± 1.0
8.0 ± 0.8
7.6 ± 0.7
7.3 ± 0.8
7.4 ± 0.9
8.0 ± 0.4
7.6 ± 0.8
8.5 ± 0.9
8.8 ± 0.7
9.0 ± 2.2
9.9 ± 0.9**
10.8 ± 2.7**

78.5 ± 6.4
80.3 ± 5.1
75.8 ± 3.7
71.7 ± 4.4**
74.4 ± 6.1
81.0 ± 3.9
77.6 ± 3.9
81.1 ± 6.2
81.0 ± 4.6
80.2 ± 7.1
83.1 ± 2.8*
89.2 ± 3.7**
8.5 ± 0.9
8.2 ± 0.9
8.2 ± 0.8
7.8 ± 0.8
7.8 ± 0.8*
8.3 ± 0.4
7.9 ± 0.7
8.9 ± 0.9
10.1 ± 1.7
10.0 ± 2.5
10.6 ± 1.2**
13.4 ± 5.1**

High
Low

Data are the mean of eight replicates per concentration ± standard deviation.
Dose range: low < ED10 < high.
b
Signiﬁcantly different from control at **⊍ = 0.05 or *⊍ = 0.1 according to Mann–Whitney U-test with Bonferroni correction of P-values.
a
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subpopulation probably prevented 1000-seed mass hormesis
from occurring at the population level.
Seed number at the 95th percentile showed a ymax of 118% of
control (M = 555.9 g a.i. ha–1) and seed yield a ymax of 136% of
control (M = 538.9 g a.i. ha–1) (Figure 1 and Table 1). Maximum
stimulation occurred, on average, at 1.4-fold lower M doses compared with 1000-seed mass. The M doses for the 95th percentile
caused 100% inhibition in seed yield and number at the 5th percentile and 53%–71% inhibition at the population level.
Comparing estimated ED doses showed that seed number was
always slightly more sensitive than seed yield and 1000-seed
mass (Figure 1 and Table 1). Hence, the number of seeds started
to decrease at lower doses than seed yield. Within a certain dose
range, plants at the tails of the population thus produced fewer,
but larger seeds. The slow-growing subpopulation at all endpoints was most sensitive and could barely reproduce at doses
of 97 g a.i. ha–1 and above (ED90). The fast-growing subpopulation
showed the most tolerant response in reproductive traits and only
at the highest dose of 2000 g a.i. ha–1 did plants develop no seeds.
At the 5th percentile, the ED values at all reproductive endpoints
were signiﬁcantly lower than at the population level (4.6–6.7-fold
at ED50 and 1.8–3.2-fold at ED10) and were signiﬁantly higher at
the 95th percentile (1.8–2.7-fold at ED50 and 4.1–8.1-fold at
ED10). The difference in ED values between percentiles was

wileyonlinelibrary.com/journal/ps

highest at the M dose level with 42-fold (1000-seed mass) and
lowest at the ED50 dose level with up to 12.5-fold (seed number).
Hence, selectivity was most pronounced at lower effective doses
and was particularly distinct in 1000-seed mass. The results show
that although fast-growing plants showed signiﬁcantly enhanced
reproduction, most of the population suffered a decline in reproduction and slow-growing plants did not reproduce.
3.3.2 Selective biomass
The biomass responses of the fast-growing 95th percentile were
signiﬁcantly hormetic at all three endpoints, whereas responses
of the slow-growing 5th percentile were again only monophasic
(Figure 2 and Table 1). Absolute values for d increased consistently
at all endpoints in the order 5th percentile to population mean
to 95th percentile.
Shoot dry weight at the 95th percentile showed a ymax of 284%
of control at M = 671.6 g a.i. ha–1 and hormesis ended at an ED10
of 1092.0 g a.i. ha–1. Compared with observed hormesis in shoot
biomass at the population level, these effective doses were
1.9-fold higher at the M level and 1.6-fold at the ED10 level. Moreover, the M dose at the 95th percentile equaled 92% inhibition at
the 5th percentile and the ED10 dose equaled 96% inhibition.
Hence, shoot biomass at the 95th percentile was still selectively
stimulated at doses beyond the hormetic dose zone of most of
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the population and at doses preventing slow-growing plants from
growing. Because slow-growing plants lacked shoot biomass
hormesis, and were inhibited by 63% or more at doses causing
hormesis at the population level, the extensive increase in shoot
biomass at the 95th percentile probably outweighed this
decrease and facilitated the formation of hormesis at the population level.
Ear weight at the 95th percentile showed a ymax of 152% of control (M = 555.9 g a.i. ha–1) and total plant biomass a ymax of 205%
of control (M = 641.2 g a.i. ha–1). Compared with shoot biomass
stimulation, the M doses at these endpoints were 1.2-fold lower
(ear weight) or equal (plant biomass). The M doses for the 95th
percentile equaled 94% or higher inhibition at the 5th percentile
and 41% or lower inhibition at the population level.
Comparison of the estimated ED doses showed that ear weight
was always most sensitive, followed by total plant weight,
whereas shoot weight was least sensitive. The slow-growing subpopulation at all biomass endpoints was most sensitive and
hardly formed an ear starting from doses of 225 g a.i. ha–1 or
above (ED90). The fast-growing subpopulation showed the most
tolerant response in biomass and only at the highest dose of
2000 g a.i. ha–1 did plants develop no ear or no aboveground biomass. At the 5th percentile, the ED values at all biomass endpoints
were signiﬁcantly lower than at the population level (3.2–5.7-fold
at ED50 and 4.2–5.0-fold at ED10) and at the 95th percentile were
signiﬁcantly higher (1.3–1.6-fold at ED50 and 1.6–3.1-fold at
ED10). Selectivity between individuals was most pronounced in
ear weight and again at lower effective doses. The difference
in ED values between percentiles ranged from 8.8-fold (ED50) to
15.3-fold (ED10). Biomass production thus showed the same selective trend as reproduction, with fast-growing plants having significant enhanced biomass at doses at which most of the population
already showed reduced growth and slow-growing plants did not
grow at all.

FIGURE 4. Effect of a 250 g a.i. ha–1 glyphosate treatment in the seedling
stage on shoot dry weight (DW; 14 DAT) of the parental F0 generation of
Hordeum vulgare cv. RGT Planet and the F1 progeny of untreated control
plants (seeds from category ‘mean’) and of glyphosate pretreated fastgrowing plants (seeds from category 95th percentile pretreated with
350 g a.i. ha–1).

3.4 Glyphosate sensitivity of F1 offspring (Experiment 2)
Comparison of the original F0 population with its untreated F1
offspring or its hormetically conditioned F1 offspring showed that
biomass production in the absence of glyphosate did not differ
signiﬁcantly between all sets of plants (Figure 4). However, there
were signiﬁcant differences in the response to the 250 g a.i. ha–1
glyphosate treatment. F0 plants and untreated F1 plants both
showed similar biomass losses (up to −24% of control). By contrast, the hormetically conditioned F1 offspring of fast-growing
plants showed signiﬁcant hormesis and an enhancement in biomass of 131% of control (Figure 4). Hence, compared with the
parental population and its untreated offspring, hormetically
stimulated fast-growing plants produced offspring that were considerably more tolerant to glyphosate exposure in the F1
generation.

4 DISCUSSION
Above all, this study investigated selective effects of low-dose
glyphosate after spraying at the seedling stage on reproduction
in a high-density model population of H. vulgare growing in soil
under quite realistic conditions. The results conﬁrmed that there
were selective low-dose effects of glyphosate on size distribution
and reproduction at maturity. At doses at which most of the population already suffered a decline or failure in reproduction, individual fast-growing plants were still hormetically stimulated and
produced offspring with enhanced tolerance to subsequent
glyphosate treatments in the next generation. Study hypotheses
1 to 3 can thus be accepted.
4.1 Dose–responses at the population level
Hormesis occurred at maturity only in mean shoot biomass.
When glyphosate was equivalently sprayed on spring barley at
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3.3.3 Selective plant length
Plant length responses of the fast-growing 95% percentiles were
signiﬁcantly hormetic, whereas responses of the slow-growing
5% percentiles were monophasic (Figure 3 and Table 1). The absolute values for d increased in the order 5th percentile to population mean to 95th percentile at both endpoints.
The ymax at the 95th percentiles was 116% of control (M = 474 g
a.i. ha–1) for total plant length and 168% of control (M = 575 g a.i.
ha–1) for ear length. The M doses were both higher than the ED10
doses for the overall population (1.4-fold) and indicated that the
hormetic dose range of the 95th percentile was partly located
within the high-dose range of the overall population. The hormetic dose range at the 95th percentile ended at an ED10 dose
of 691 g a.i. ha–1 for total plant length and at a 1.4-fold higher
dose for ear length. These ED10 doses gave up to 71% inhibition
at the population level and up to 100% inhibition at the 5th percentile. As a consequence, the ED values were signiﬁcantly lower
than at the population level for the 5th percentile (1.9–3.8-fold at
ED50 and 2.1–3.3-fold at ED10) and signiﬁcantly higher for the
95th percentile (1.4–1.5-fold at ED50 and 2.1–2.3-fold at ED10).
The difference in ED values between percentiles was 2.7-fold
(ED50; total plant length) up to 7.8-fold (ED10; ear length). Hence,
glyphosate doses that still selectively stimulated elongation of
fast-growing plants caused adverse effects on elongation in most
of the population and left the slowest growing plants completely
stunted.
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the seedling stage, Cedergreen32 reported a general absence of
hormesis at maturity, despite an initial increase in biomass. By
contrast, glyphosate exposure during ear emergence of barley
induced hormesis in vegetative and reproductive traits.33
Hence, the time span between toxin exposure and trait evaluation seems to be of great importance, because hormesis is surmised to be a disruption in homeostasis that is eventually reestablished and maintained.10,34 Hormesis will thus always be
a dynamic, transient process that may vanish at some point
after a hormetic stimulus has declined.35 The mechanisms
determining the time span of this decline are widely unexplored.34,35 Therefore, the question of why glyphosate hormesis
declined during the study of Cedergeen32 and persisted in this
study cannot be answered deﬁnitely and several factors such
as barley cultivar or environmental conditions may have been
involved. For example, auxin hormesis in Lactuca sativa differed
considerably among cultivars and hormesis by the plant metabolite parthenin in L. sativa strongly depended on growth conditions.36,37 Nevertheless, the most obvious difference between
the two studies is the plant density. Cedergreen32 tested individual plants (three plants per replicate) compared with
30 plants per replicate in this study. It is well known that the
presence of surrounding vegetation can signiﬁcantly alter the
response of plants to herbicide exposure because of, for example, sheltering effects and competition.38,39 Accordingly, shoot
biomass at maturity showed an ED50 of 283 g a.i. ha–1 glyphosate without hormesis in the study by Cedergeen,32 whereas
an ED50 more than threefold higher with hormesis for mean
responses was seen in this study. Hence, the severity of glyphosate effects in this study, whether adverse or hormetic, was
exaggerated by growing plants at a high density. A closer look
shows that the more slow-growing individuals showed an identical monophasic response to that seen in Cedergeen32 and only
the more fast-growing individuals beneﬁtted (more than fourfold higher ED50 compared with Cedergreen32; ymax 284% of
control). This suggests that the formation of biomass hormesis
at the population level was primarily governed by the stimulation of fast-growing individuals. Previous studies led to the
same assumption that the formation or absence of hormesis
among the fast-growing subpopulation is decisive for mean
responses.9,16,20 More recent ﬁndings13 and the current study,
however, indicate that it is the interplay of subpopulation
responses rather than the sole response of the fast-growing
subpopulation. For example, despite no hormesis in mean
1000-seed mass in this study, both slow- and fast-growing individuals showed 1000-seed mass hormesis and an extremely
large distance between the hormetic dose zones (42-fold at
M dose level). Consequently, at doses that induced 1000-seed
mass hormesis among fast-growing individuals, slow-growing
individuals suffered high reproductive toxicity. This could not
be compensated for by the weakly pronounced hormetic effect
among the fast-growing individuals (ymax 115% of control) to
raise the population mean into the hormetic range. The latter
was instead the case for shoot biomass due to an extraordinarily high amplitude of hormesis among fast-growing individuals (284% of control). This suggests that the formation of
hormesis in dense populations is actually an interplay of individual responses. Even if the outcome of this interplay at the
population level is an absence of a hormetic or an adverse
mean response, one should not assume that this dose is physiologically neutral for plants below or beyond a certain percentile within this population.
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4.2 Selective low-dose effects
Selective low-dose effects were observed in Experiment 1 for all
endpoints at doses having no impact on the population mean.
Selectivity occurred with a frequency of 24% and was in line with
the frequency observed in a microplate assay,9 but higher than
the 11% frequency observed in a similar greenhouse study at a
vegetative growth stage.13 Nevertheless, in all cases, selective
low-dose toxicity was considerably more common than the randomly expected 5%. Belz and Sinkkonen13 hypothesized that
the lower frequency in their greenhouse study compared with
previous microplate assays may stem from a lower number of replicates per dose and/or variable environmental conditions. This
study points to further possible inﬂuencing aspects. The frequency of selective low-dose effects was previously observed to
increase depending on the location of the dose range tested.13
The same was observed in this study because cases of selective
low-dose effects increased at doses at or above the ED10 of mean
responses with a frequency of up to 63%. Moreover, low-dose
selectivity occurred with a higher frequency among slow-growing
individuals, so that the number of slow-growing individuals
within a population may also inﬂuence the frequency of selective
low-dose effects. Finally, some of the plant traits measured seem
to be more prone to selective low-dose effects than others. This
has been previously reported for vegetative traits13,16 and is conﬁrmed in this study with biomass being more prone to selective
effects than some reproductive traits. Hence, there seem to be
several factors inﬂuencing the formation and demonstration of
low-dose selectivity and these factors will presumably act jointly
in an unpredictable manner.
Although the phenomenon was present among reproductive
traits in the ultralow-dose range, it was more signiﬁcant when
exposure tended towards the upper dose limit of the low-dose
range. The selection taking place at these doses was uniform toxicity with slow-growing individuals and stimulation with fastgrowing individuals. This has been previously shown in several
studies.9,13,16,17 It can thus be assumed that higher, but still low
and subtoxic, doses have an important role in altering the size distribution within a population in favor of fast-growing, more
glyphosate-tolerant individuals.
4.3 Dose–responses at the subpopulation level
Responses at the population level were, in most cases, synchronized with the response at low percentiles, but mostly noncompliant with the hormetic responses at high percentiles.
Consequently, the occurrence of hormesis was much higher for
the high percentiles with 100% frequency at the 95th percentile.
This conﬁrms that in dense populations, hormesis can be masked
by data means despite being subliminally present in parts of the
population.16,17 As previously observed in similar studies, slowgrowing seedlings were signiﬁcantly more sensitive and fastgrowing seedlings were more tolerant than the overall population
and this was particularly distinctive at lower doses. Doses up to
eightfold higher were needed before the fast-growing part
showed the same 10% adverse effect as the overall population.
This level of tolerance may even be categorized as low-level herbicide resistance.40 Compared with doses causing maximum
hormesis among slow-growing individuals, doses up to 42-fold
higher were needed before the fast-growing part showed maximum hormesis. This variance in herbicide sensitivity clearly risks
shifting a population towards more-tolerant, fast-growing phenotypes and may attribute selective low-dose effects a role in the
evolution of herbicide resistance. In the current study, this shift
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started at doses of 97 g a.i. ha–1 and above, representing 5–9% of
recommended glyphosate rates in Germany and hence realistic
drift rates.5,6,41
Recently, it has been shown that mother plants of a PSII (photosystem II) target-site resistant Chenopodium album biotype
sprayed with a hormetic dose of a PSII herbicide could pass on
herbicide stress effects to their offspring in the form of generation
carryover effects.21 This study indicates similar effects for glyphosate because the progeny of hormetically stimulated fast-growing
individuals showed considerably lower glyphosate sensitivity
than the offspring of untreated plants or the original population.
Dyer42 denoted such a selection of phenotypes by sublethal herbicide stress that does not directly confer resistance to be a pleiotropic effect. Herbicide stress can cause a multitude of
overlapping adaptive responses in plants, such as epigenetic
changes, biochemical and physiological defense/repair mechanisms, which together can result in heritable pleiotropic effects
conferring enhanced resistance to subsequent abiotic stresses,
such as a renewed herbicide application.42 Reeg et al.43 showed
that generation carryover effects by herbicide stress can enhance
the ecological sensitivity of plant attributes and, hence, signiﬁcant
impacts of herbicides were detectable at lower effects intensities.
Therefore, low-dose selection of fast-growing individuals in connection with increased reproduction and a putative hormesis
priming of offspring for enhanced tolerance may be able to shift
a population towards enhanced glyphosate tolerance over just a
few generations. This is of direct relevance for herbicide risk
assessment and the long-term sustainability of chemical weed
control. In addition, sublethal herbicide stress was presumed to
cause adaptations in exposed plants that may provide novel
sources of variation upon which evolution for other features such
as non-target site herbicide resistance may act.42 Therefore, selection for and against certain subpopulations by herbicide hormesis
clearly poses a risk for profound and sustainable changes in plant
populations which furthermore may pave the way for cascading
(agro-)ecological impacts.

hormetic effects. Moreover, the seed bank may contain seeds
produced under the inﬂuence of selective herbicide effects if
herbicide stress occurred over several years. This may leverage
soil seed bank buffering of disturbances in population structure. At low glyphosate doses, there is thus a clear risk of
inﬂuencing population dynamics in such a manner that the
slow-growing, less-tolerant subpopulation declines. Nevertheless, the direction of such inﬂuence is very much dependent
on the dose at action.
All endpoints showed glyphosate hormesis among the fastgrowing subpopulation. The magnitude of hormesis was higher
for vegetative endpoints and especially for endpoints that proved
least glyphosate sensitive. This interrelation between glyphosate
sensitivity and hormesis magnitude can be further supported by
correlating estimated ED50 and ymax values for the 95th percentile
(two-sided Pearson correlation). A signiﬁcant positive correlation
of 0.91 (⊍ = 0.01) was found and indicated that endpoints that
are less sensitive (that is, higher ED values) showed more pronounced glyphosate hormesis. A similar positive correlation
between compound efﬁcacy at higher doses (that is, ED values)
and hormesis magnitude has been previously reported.37 Hence,
within certain bounds, all factors that lower the efﬁcacy of glyphosate may enhance the amplitude of hormesis. More research is
needed to prove this hypothesis.
4.5 Mechanism(s) of growth increase
Hormesis within a mono- or mixed-species plant community may
not only be a direct consequence of herbicide stress, but also a
result of altered competition between species or individuals of
the same species.11,48 The maximum growth increase observed
for the fast-growing subpopulation was up to 284% of control
ymax, higher than the hormetic increase usually reported in the literature (110%–150% of control on average49 or 112%–120% of
control reported for glyphosate hormesis in barley33,50). Hence,
the observed high amplitude of biomass increase with fastgrowing individuals may result not only from glyphosate
hormesis, but also in part from altered competition between individuals. Although the observed transgenerational effect among
fast-growing offspring suggests that glyphosate hormesis was
sustainable at action until reproduction, there is also a clear argument for the alteration of competition. Slow-growing individuals
are more susceptible to glyphosate than fast-growing ones, such
that the latter experience relief from competition at concentrations that adversely affect slow-growing individuals. In the current
study, this was the case at glyphosate doses of 157 g a.i. ha–1 and
above (ED10 shoot biomass 5th percentile). At doses of 538 g
a.i. ha–1 and above (ED90 shoot biomass 5th percentile), slowgrowing individuals failed to recover, whereas fast-growing individuals showed maximum hormesis in shoot biomass. This does
not leverage the occurrence of physiological processes inducing
glyphosate hormesis up to maturity, but glyphosate-induced
changes in competition between individuals in dense populations
are likely to have a role in the performance of fast-growing individuals as well. If plant communities are exposed to sublethal
doses of herbicides or other stressors there is always potential
for distinct differences in individual plant performance, including
the potential complete recovery of individuals over time, whereas
others may fail to reproduce because of an initial inhibition of vegetative growth (reviewed in Christl et al.44,45). This study suggests
that in the case of low-dose toxin exposures, the differential performance of individual plants within a population is initiated by
selective low-dose effects that cause considerable changes in
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4.4 Vegetative and reproductive endpoints
The results of this study showed that vegetative traits were
more tolerant to low-dose effects of glyphosate and showed
greater hormesis than reproductive traits. The fact that seed
production is reduced more strongly than biomass at the same
doses has also been observed for higher doses of certain herbicide compounds affecting mean responses.38 Other studies
showed that the sensitivity of vegetative and reproductive endpoints was equal or vegetative endpoints were more sensitive
than reproductive endpoints.41,43–46 Seed production is decisive for survival at the population level,38 and in the case of
low-dose glyphosate effects, slow-growing individuals seem
to be especially at risk of failure to reproduce starting at doses
below 10% of recommended glyphosate rates. At doses causing high or complete seed loss among slow-growing individuals, fast-growing individuals still showed hormesis in seed
production. Heavier seeds are assumed to be more competitive, can have a better germination capacity and, thus, a better
chance of successful establishment38,43,47 and, as currently
indicated, better performance under renewed glyphosate
exposure. Herbicide stress is assumed to have signiﬁcant
impacts on population structuring if there is an indication for
very strong effects on seed production at the individual plant
level (over 50%).43 This study shows that not only do adverse
effects have to be considered in this regard, but so too do
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the competitiveness of subpopulations. Hence, it is likely that
both aspects acted in combination to cause the extraordinary
growth increase in the fast-growing subpopulation and may have
even reinforced each other's outcome.
4.6 Causality for low-dose selection
A key question is why this selective effect occurs. At present, there
is no clear answer to this, but several factors seem likely to be
involved. These include primarily genetic and phenotypic differences that become mixed with other factors shaping plant
growth. Low-dose selectivity is fundamentally associated with
intrapopulation genetic differences as well as genotoxic or gene
regulation effects that inﬂuence individual plant growth
rates.8,15,51,52 The resulting slow- and fast-growing phenotypes
are supposed to differ in toxin responses due to differences in
toxin uptake and/or relative toxin concentration per biomass, as
well as in individual capacity for enhanced hormetic
growth.8,9,15,16,18,53 These fundamental genetic causes may be
accompanied by nongenetic factors inﬂuencing plant growth.
For example, seed vigor in a population can vary signiﬁcantly
depending on when the seed was formed and on what part of
the plant it developed.54 Belz and Sinkkonen13 attribute some of
the observed low-dose selectivity in their study to variation in
seed size, whereas variation in germination speed leading to differences in biomass at the day of application played a minor or
no role. Differences in the herbicide deposits that each plant
receives are another factor.13 Practical pesticide exposures are
usually not uniform on the target area or on adjacent non-target
areas for several reasons.4 This dose variability is inevitably and
inseparably associated with response inequality within a population, especially under ﬁeld conditions. However, laboratory spraying of barley plants at an early growth stage with low competition
for spray droplets should minimize dose differences.13 Moreover,
this study suggests that these primary causes of selectivity can
trigger secondary changes in plant populations such as alterations in competitiveness that act in concert with or amplify selective low-dose effects. This interplay of effects may be even more
pronounced in a natural plant population because of higher
genetic and phenotypic variation than in a commercial, relatively
homogeneous barley cultivar.13,16,55
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4.7 Practical implications
This current longer-term study together with previous short-term
studies7–9,13,15–17 shows that selective low-dose toxin effects are a
real phenomenon shaping dense plant populations when plants
grow in soil and reach maturity under quite realistic conditions.
Together, these studies cover more than 20 independent experiments that found similar low-dose effects. Limitations in time
and space did not allow us to study a large set of identical lowdose experiments with only a few replicates per trial. Despite this,
seeds of the fast-growing, low-dose exposed parent plants from
Experiment 1 produced 50% higher biomass under glyphosate
exposure in Experiment 2 but were identical to control plants in
the absence of glyphosate exposure. If low-dose effects were a
statistical artifact, there should be no growth differences among
F1 plants. Nevertheless, low-dose effects seem to be mixed with
other factors shaping plant growth, for example environmental
conditions in the study of Belz and Sinkkonen13 or competition
in this study. The dose range over which selective low-dose
effects of glyphosate were observed in barley spans from ultralow
doses below protective or acceptable spray drift thresholds (5 g
a.i. ha–1 or less to 9.7 g a.i. ha–1 or less)5,6 up to off-ﬁeld exposure
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rates under worst-case conditions or beyond (5%–25% of the
applied herbicide dose56,57). Moreover, ﬁeld-grown plants were
shown to be more sensitive than greenhouse-grown plants,39
and thus low-dose selectivity by glyphosate in barley seems likely
to be a realistic scenario in a ﬁeld situation. The question of which
doses would be expected to have the greatest impact on population structuring cannot be ﬁnally answered. Based on this study, it
is indicated that low glyphosate doses around the ED10 response
level of the total population are likely to be of greatest practical
importance (125 g a.i. ha–1 glyphosate or higher) due to a strong
selective decline in slow-growing individuals and a high risk of
selection towards fast-growing individuals. This dose level is still
low and within realistic drift rates, but is considerably higher than
acceptable thresholds. The situation may be quite different for
wild plant species which are more sensitive and less uniform than
the commercial barley cultivar used in this study. Nevertheless,
the vegetation in ﬁeld margins and boundaries is expected to face
exposures exceeding acceptable thresholds of up to commonly
5% of the applied herbicide dose to up to 25%.56,57 These higher,
but still low, doses are likely to exacerbate changes in size structuring, because they may force a decline in the most sensitive
individuals while the most tolerant remain under hormesis.
Despite this, there are many open questions about this phenomenon of selective low-dose effects of toxins before we are able to
fully assess its (agro-)ecological importance and long-term effects.

5 CONCLUSIONS
When herbicides are applied to combat weeds, there is a risk of
effects that go beyond the goal of weed control on the applied
area at every application.21 In dense plant populations, one such
effect is selective adaptations to low-dose herbicide exposures
via hormesis and/or selective growth effects on individual plants
within a population. This selection for and against certain phenotypes proved to be relevant up to maturity in this study and considerably affected reproduction at the individual plant level.
Along with the observed indication for carryover effects to the
next generation, selective low-dose effects on size distribution
of various plant traits may actually pave the way for changes in
population dynamics followed by longer-term adaptations in ecosystems or biodiversity.8,19 Given the amount of herbicides used
annually in and outside agriculture, it is important to ﬁnd the
extent to which selective low-dose effects function as a factor
governing population behavior in herbicide-exposed environments and to what extent this phenomenon should be considered when the safety of herbicides used in agriculture or
elsewhere are evaluated.
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