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ABSTRACT

Using glyphosate is easier than manually controlling the invasive plant Carpobrotus in dune ecosystems. However, before it is used its effect 
on native species in this ecosystem needs to be determined. This study reports the effects in the laboratory of different concentrations of 
glyphosate (1.0, 0.5, 0.3, 0.1, 0.05, 0.01, and 0.005 g/m2 ) on germination and seedling emergence of four species of Mediterranean dune 
plants, Lotus creticus, Medicago marina, Ononis ramosissima and Ammophila arenaria, used in the restoration of this natural ecosystem. 
Germination was completely inhibited when glyphosate was applied at 0.5, and 1.0 g/m2. The recommended dose (0.3 g/m2 ) also inhibited 
the germination of L. creticus and M. marina. The percentage germination of O. ramosissima and A. arenaria was around 40% and 30% 
respectively when a dose of glyphosate of 0.1 g/m2 was used, whereas for seeds of L. creticus and M. marina it was lower than 5%. The T50 
at germination of seed incubated with glyphosate increased in all species independently of the dose of glyphosate. Seedling emergence 
from seeds previously germinated in the presence of glyphosate was only recorded for O. ramosissima and A. arenaria. The results indicate 
that seeds of O. ramosissima are more tolerant of glyphosate, followed by those of A. arenaria and those of L. creticus and M. marina are the 
most sensitive.
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Introduction

The invasive non-native succulent plant genus Car-
pobrotus (L.) N.E. Br. (Aizoaceae) is one of the most 
important weeds in Mediterranean coastal ecosystems 
and numerous studies have shown that it has strong 
adverse effects on native plants and animals (Campoy 
et al. 2018). Attempts to eradicate this invasive weed 
have been implemented in many places around the 
world (Buisson et al. 2020; Lazzaro et al. 2020, 2023; 
Fos et al. 2021, 2022) including in Mediterranean hab-
itats (Campoy et al. 2018). Although the most common 
method of eradicating Carpobrotus is removal by hand, 
the use of herbicides has been an effective means of con-
trol. Glyphosate, N-(phosphonomethyl) glycine, was the 
herbicide most often used (Lazzaro et al. 2020; Fos et al. 
2021, 2022).

Glyphosate-based herbicides are among the most 
widely used broad spectrum herbicides in the world 
(Henderson et al. 2010; Myers et al. 2016). Glyphosate is 
a non-selective herbicide that inhibits plant growth by in-
terfering with the production of essential aromatic ami-
no acids, which do not share the same biosynthetic path-
ways with members of the animal kingdom (Henderson 
et al. 2010; Velmourougane et al. 2021). Glyphosate is as-
similated by leaves and other green plant tissues and then 
rapidly translocated via the phloem through the entire 
plant, including the roots (Henderson et al. 2010; Badani 
et al. 2023). The large-scale use of glyphosate is current-
ly restricted or banned by legislation in many European 
countries (Lazzaro et al. 2020), but the context and scale 

must be considered when applying such bans on a small 
scale, such as for the purpose of controlling an invasive 
plant (Pergl et al. 2020).

However, before deciding to use glyphosate to erad-
icate invasive plants, and in particular, the eradication 
of Carpobrotus in coastal areas, the potential negative 
effects of this herbicide must first be identified and 
understood. For this purpose, the germination and 
emergence of seedlings of four native plants growing 
in dunes around the Mediterranean were recorded af-
ter their seeds were incubated in solutions of different 
concentrations of glyphosate and the effect of glypho-
sate exposure on germination and seedling development  
evaluated.

Material and Methods

Plant material
The effect of glyphosate on germination and seedling 

emergence was evaluated for four native plants of dunes 
in the Mediterranean area: Lotus creticus L, Medicago 
marina L, Ononis ramosissima Desf. (Fabaceae) and Am-
mophila arenaria (L.) Link. (Poaceae). These species are 
very common and abundant in the natural vegetation 
growing along the Valencian coast and belong to the as-
sociation Medicagini mariane-Ammophiletum australis, 
found in embryonic dunes and those that are moving. 
Seed of these species was supplied by the seed bank at the 
Centre for Forest Research and Experimentation (CIEF, 
Generalitat Valenciana). 
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Tests used to evaluate the effect of glyphosate on dune plants

Germination
The seeds of L. creticus, M. marina, O. ramosissima 

and A. arenaria, which were previously scarified (15 min-
utes in H2SO4), sterilized by placing them in 0.5% sodi-
um hypochloride (NaClO) solution for two minutes and 
thoroughly rinsed with deionized water before sowing.

These seeds were placed in 9 cm diameter Petri dishes 
on two layers of filter paper (Whatman nº 1) moistened 
with 20 ml of distilled water or glyphosate solutions of 
a  particular concentration. Four replicates of 50 seeds 
were used in each treatment. Seeds were considered 
to have germinated when approximately 2 mm of the 
primary root had emerged. Seeds were germinated in 
a growth chamber (16 h light/8 h darkness, 21 °C, 60% 
relative humidity).

Glyphosate (36% p/v, as an ammonium salt; Touch-
down, Syngenta Iberica, Spain) was used to obtain solu-
tions of the desired concentration for moistening seeds 
(20 ml/germination box). For each species, seeds were 
germinated in glyphosate solutions equivalent to doses of 
1.0, 0.5, 0.3, 0.1, 0.05, 0.01 and 0.005 g/m2. The minimum 
effective glyphosate concentration for controlling Carpo-
brotus is 0.4 g/m2 (Fos et al. 2021) and the recommended 
dose of glyphosate is 0.3 g/m2 (EFSA 2017).

Percentage germination was recorded over a period of 
40 days. At the end of the experiment, non-germinated 
seeds were dissected in order to determinate their viabil-
ity and only seeds with a complete embryo were consid-
ered as viable. Percentage seed germination (G) for each 
replicate was calculated at the end of the experiment as: 
%G = 100 × (GS/FS), where GS is the number of seeds 
that germinated and FS the number of viable seeds. Rate 
of germination was estimated using T50, which is the 
time in days to when 50% of the seeds had germinated.

Seedling emergence
Germinated seeds incubated in a solution of glypho-

sate (0.005 to 0.1  g/m2) were sown in trays containing 
0.5  l of sterilized beach sand to evaluate the effect of 
glyphosate on seedling emergence and development. For 
each species and glyphosate treatment twenty germinat-
ed seeds were used. The emergence tests were carried out 
in a chamber under controlled conditions (16 h light/8 h 
darkness, 20 °C, 60% relative humidity). The emergence 
and development of the aerial parts of seedlings was 
monitored for at least 60 days. 

Statistical analysis
The analysis of percentage germination of the seed of 

four native species in solutions of glyphosate equivalent 
to different doses was done using analysis of variance 
(ANOVA) and Statgraphics plus software (5.1 for Win-
dows, 1994, Statistical, Corporation, Warrenton, VA). 
The statistical analysis of the data was done separately 
for each species using the glyphosate doses as the main 

factor. Tukey multiple comparison test was used for each 
ANOVA to determine the significance of any differences 
in germination between the different glyphosate doses 
with respect to that on the control substrate (p < 0.05).

Results

Effect of exposure to glyphosate on time to and percentage 
germination of dune plants 

Percentage germination of L. creticus seeds after 40 
days of incubation in the control was higher than 90% 
(Fig. 1a). It was significantly reduced by up to 50% and 
45% at glyphosate doses of 0.005 and 0.01 g/m2 (Fig. 1a) 
and less than 10 and 5% for the doses of 0.05 and 0.1 g/m2  
(Fig. 1a). No germination was recorded when incubated 
with doses of glyphosate equal to or greater than 0.3 g/m2  
(Fig.  1a). The T50 for the control was 4 days and in-
creased to over 20 days when incubated in the presence 
of glyphosate (Fig. 2a). No differences in T50 were record-
ed between the different doses of glyphosate.

Percentage germination of M. marina seeds after 
40 days of incubation in the control was approximately 
70% (Fig. 1b). It was significantly reduced by up to 75% 
at glyphosate doses of 0.005 and 0.01 g/m2 (Fig. 1b) and 
was less than 3% for doses of 0.05 and 0.1 g/m2 (Fig. 1b). 
No germination was recorded when incubated with dos-
es equal to or greater than 0.3 g/m2 (Fig. 1b). The T50 for 
the control was 8 days and increased to 15–18 days when 
incubated in the presence of glyphosate (Fig. 2b).

Percentage germination of O. ramossisima seeds after 
40 days of incubation in the control was approximate-
ly 30% (Fig.  1c). It was significantly reduced by 50% 
at a glyphosate dose of 0.005 g/m2 and 60% at glypho-
sate doses between 0.01 to 0.1 g/m2 (Fig. 1c) and 3% at 
a  dose of 0.3 g/m2. The T50 for the control was 4 days 
and increased to 16–22 days when seeds were incubated 
in the presence of glyphosate (Fig. 2c). No differences in 
T50 were recorded for the different doses of glyphosate 
(Fig. 2c).

Percentage germination of A. arenaria seeds after 
40  days of incubation in the control was approximately 42% 
(Fig. 1d). It was significantly reduced by about 40% com-
pared to control at glyphosate doses of 0.005 and 0.01 g/m2,  
about 70% at doses between 0.05 to 0.1 (Fig.  1d) and 
1–2% at a dose of 0.3 g/m2. The T50 for the control was 
13 days (Fig. 2d) and increased to 20–25 when incubated 
in the presence of glyphosate (Fig. 2d).

Effect of exposure to glyphosate on seedling emergence and 
development of dune plants

Seedling emergence in the control ranged from 70% 
for A. arenaria and M. marina, 75% for O. ramosissima 
and a maximum of 85% for L. creticus (Table 1). Seed-
ling emergence of O. ramosissima was 40% for doses of 
0.005 and 0.01 g/m2 and 10% for 0.1 g/m2 (Table 1 and 
Fig. 3). In the case of A. arenaria, it was 10% for a dose 
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Fig. 1 Percentage germination of the seed of Lotus creticus, Medicago 
marina, Ononis ramosissima and Ammophila arenaria previously 
exposed to different doses of glyphosate. Percentage germination 
was recorded after 40 days (mean values ± standard error). Different 
letters denote statistically significant differences in the percentage 
germination at different doses of glyphosate based on Tukey’s multiple 
comparison test (p < 0.05).

Fig. 2 Time to germination of seed of Lotus creticus, Medicago marina, 
Ononis ramosissima and Ammophila arenaria treated with different 
doses of glyphosate. T50 (mean values ± standard error). Different letters 
denote statistically significant differences based on Tukey’s multiple 
comparison test (p < 0.05).
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of 0.005 g/m2 and 30% for 0.01 g/m2 (Table 1 and Fig. 3). 
No seedling emergence was recorded for L. creticus and 
M. marina previously incubated in presence of glypho-
sate (Table 1).

The height of the seedlings of O. ramosissima that ger-
minated from seeds incubated with glyphosate decreased 
relative to the control from 30% for the dose of 0.005 g/m2  
to 50% for 0.1 g/m2 (Table 1 and Fig. 3). The decrease in 
development relative to the control was greater for the 
A. arenaria seedlings that germinated from seed incubat-
ed with glyphosate, with the height 40% lower for the dose 
of 0.005 g/m2 and 60% lower for the dose of 0.01 g/m2  
(Table 1 and Fig. 3).

Discussion

In summer in the Mediterranean area, the seeds of 
many species of Fabaceae are dormant, which prevents 
germination during the dry hot summers and postpones 
germination to the following spring. Germination of M. 

marina seeds is less than 10% (Scippa et al. 2011) and in 
the case of O. ramosissima it is between 6 and 16% (De-
vesa et al. 2000). Seed dormancy in these species is as-
sociated with the condition of the testa, which after me-
chanical or chemical scarification, results in almost 100% 
germination in L. creticus (Hajri et al. 2018; Rejili et al. 
2009), M. marina (Scippa et al. 2011) and O. ramosissima 
(Devesa et al. 2000). The scarification treatment used has 
been highly effective for L. creticus (92%) and M. marina 
(70%) (Fig. 1). The percentage germination of scarified 
seed of O. ramosissima (30%, Fig. 1) was higher than that 
of non-scarified seed (Devesa et al. 2000). The time tak-
en to complete dormancy may be longer than the time 
to germination after scarification (Devesa et al. 2000). 
The percentage germination of the A. arenaria seeds that 
were not exposed to glyphosate was higher than 42% 
(Fig. 1). This is lower than previously reported for this 
species (Chergui et al. 2013).

Glyphosate is known to affect germination or seed-
ling quality when applied directly to seed of species of 
different families, such as: Poaceae (Yenish and Young 

Table 1 Seedling emergence and development of Lotus creticus, Medicago sativa, Ononis ramosissima and Ammophila arenaria from seed incubated 
in different doses of glyphosate (n = 20). Final seedling emergence and percentage emergence compared to the control (%) after 60 days. Height of 
seedlings (mean) and percentage height compared to the control (%) after 60 days.

Lotus creticus

Glyphosate doses (g/m2) Final emergence (n) % Seedling height (cm) %

0.000 17 85 13.1 100

0.005 0 0 0 0

0.010 0 0 0 0

0.050 0 0 0 0

0.100 0 0 0 0

Medicago marina

Glyphosate doses (g/m2) Final emergence (n) % Seedling height (cm) %

0.000 14 70 9.3 100

0.005 0 0 0 0

0.010 0 0 0 0

0.050 0 0 0 0

0.100 0 0 0 0

Ononis ramosissima

Glyphosate doses (g/m2) Final emergence (n) % Seedling height (cm) %

0.000 15 75 4.4 100

0.005 8 40 3.1 70

0.010 8 40 2.6 59

0.050 0 0 0 0

0.100 2 10 2.3 52

Ammophila arenaria

Glyphosate doses (g/m2) Final emergence (n) % Seedling height (cm) %

0.000 14 70 13.9 100

0.005 2 10 8.0 57

0.010 6 30 5.6 40

0.050 0 0 0 0

0.100 0 0 0 0
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2000; Piotrowicz-Cieślak et al. 2010) Fabaceae (Piotro-
wicz-Cieślak et al. 2010; Gomes et al. 2017; Mondal et al. 
2017) and Brassicaceae (Piotrowicz-Cieślak et al. 2010; 
Kashyap et al. 2023). As expected, based on the wide-
spread use of glyphosate for pre- and post-emergence 
control, the presence of this herbicide in the incuba-
tion medium inhibited seed germination of all the dune 
plants used in this study (Fig. 1). In addition, the percent-
age inhibition of germination by glyphosate was clearly 
associated with the dose (Fig.  1). The germination was 
completely inhibited at doses of 0.5 and 1.0 g/m2 (Fig. 1), 
which are both above the recommended dose of 0.3 g/m2 
(EFSA 2017). The inhibitory effect of exposure to glypho-
sate decreased progressively for doses equal to or lower 
than the recommended dose (Fig. 1).

The results indicate that the percentage inhibition of 
germination depends on the species. Thus, the presence 
of glyphosate at the recommended dose (0.3 g/m2, EFSA, 
2017) did not completely inhibit the germination of the 
seed of O. ramosissima and A. arenaria (Fig. 1), whereas 
it did for that of L. creticus and M. marina (Fig. 1). Differ-
ences were also recorded for the percentage germination 
of the seed of the 4 species of dune plants at doses below 
the recommended dose (Fig.  1). An equivalent dose of 
0.1 g/m2 was used in a glyphosate tolerance screening of 
wild relatives of crop plants belonging to the Brassicaceae 
(Kashyap et al. 2023). At this dose, the percentage germi-
nation relative to the control was reduced by more than 
95% for L. creticus and M. marina, 75% for A. arenaria 
only by 40% for O. ramosissima (Fig. 1). The results indi-
cate that L. creticus and M. marina are more sensitive to 
glyphosate than the other two species (Fig. 1).

Glyphosate not only reduced percentage germination, 
but also significantly increased the time to germina-
tion (Fig.  2). Relative to the control the T50 of glypho-
sate treated seed of M. marina and A. arenaria doubled 
and that of L. creticus and O. ramosissima increased 4 to 
5fold (Fig. 2). The general trend in the 4 species is that 

the increase in T50 is very similar regardless of the dose 
of glyphosate used (Fig. 2). The results also indicate that 
germination of seed incubated with glyphosate starts af-
ter a similar length of time for all species (Fig. 2). These 
results might indicate that the time to germination is as-
sociated with the loss of glyphosate toxicity. Glyphosate 
has a half-life of 2 to 14 days in water (Badani et al. 2023), 
thus the inhibitory effect of glyphosate applied to beach 
sand on the emergence of dune species would begin to 
decline after 15 days (Fos et al. 2022). 

The results also indicate that glyphosate affected the 
emergence and development of seeds germinated previ-
ously in the presence of this herbicide (Table 1 and Fig. 3). 
Seedling emergence from germinated seeds previously 
incubated in the presence of all the doses of glyphosate 
was not recorded for 2 of the 4 species, L. creticus and 
M. marina. These results reinforce the different sensitiv-
ity of the species to the inhibiting effect of this herbicide 
(Table  1) as recorded for the wild relatives of different 
crop plants belonging to the Brassicaceae (Kashyap et al. 
2023). In addition, the seeds of A. arenaria and O. ramo-
sissima were more resistant to glyphosate.

The results, however, are based on laboratory tests un-
der very homogeneous and controlled conditions. The 
seeds were soaked in a solution containing the herbicide. 
These conditions do not correspond to those in the dunes 
where glyphosate is used to control the non-native inva-
sive plant Carpobrotus. In a real situation, in which this 
herbicide is applied by professionals, the seed in the soil 
seed bank would only be slightly wetted by the herbicide 
in areas adjacent to monospecific carpets of Carpobrotus. 
In addition, the seeds used in the laboratory tests were not 
subjected to changing environmental conditions as they 
would be in the field. Previous results of a study on seedling 
emergence of Mediterranean dune plants on substrates 
collected after spraying with glyphosate under real con-
ditions reports higher emergence values (Fos et al. 2022) 
than those obtained under laboratory conditions (Table 1).

Fig. 3 Seedling emergence 
and development of Ononis 
ramosissima and Ammophila 
arenaria seeds previously 
incubated in solutions of 
different doses of glyphosate.
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Conclusions

In conclusion, the presence of the herbicide in the in-
cubation medium inhibited seed germination of four spe-
cies of Mediterranean dune plants and the inhibition was 
dependent on the dose of glyphosate used. The increase 
in T50 of seeds incubated in the presence of glyphosate 
was independent of the dose used. Glyphosate also af-
fected the later emergence and development of seedlings 
from seed germinated previously in the presence of this 
herbicide. The four dune plants differed in their sensitivi-
ty to glyphosate, with A. arenaria and O. ramosissima the 
least sensitive to the herbicide. Under field conditions, 
the negative effect of glyphosate is significantly less than 
that recorded in the laboratory.
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