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a  b  s  t  r  a  c  t

Glyphosate  is  a systemic  non-selective  herbicide,  the  most  widely  used  in  the world.  Alongside  with  its
use  in  agricultural  and  forestry  systems,  this  herbicide  is  used  in  grasslands  in  late  summer  with  the
aim  of  promoting  winter  species  with  the  consequent  increase  in stocking  rate.  However,  its  effects  on
non-target  organisms,  such  as  arbuscular  mycorrhizal  fungi  (AMF),  are  unclear.  Arbuscular  mycorrhizal
fungi  (AMF)  colonize  the  root  of  more  than  80%  of  terrestrial  plants,  improving  their  growth  and  survival,
and therefore  playing  a key  role  in  ecosystem  structure  and  function.  The  aim  of this  work  was  to  inves-
tigate  the  possible  pathways  through  which  glyphosate  application  affects  AMF  spores  viability  and  root
colonization  in  grassland  communities.  Our  hypothesis  is that  glyphosate  application  can  damage  AMF
directly  (through  contact  with  spores  and  external  hyphae)  or indirectly  through  the  changes  it generates
on  host  plants.  The  experiment  had  a factorial  array  with  three  factors:  (1)  plant  species,  at  two  levels
(Paspalum  dilatatum  and  Lotus  tenuis),  (2)  doses  of  glyphosate,  at three  levels  (0  l ha−1,  0.8  l  ha−1 and  3  l  ha
−1),  and  (3)  application  site,  at two  levels:  soil  (direct  pathway)  and  plant  foliage  (indirect  pathway).
Spore  viability  was reduced  even  under  the  lowest  glyphosate  rate,  but  only  when  it was  applied  on the
soil.  Total  root  colonization  for  both  species  was  similarly  decreased  when  glyphosate  was  applied  to
plant foliage  or on soil,  with  no  difference  between  0.8  and  3  l ha−1. The  number  of  arbuscules  was  20%

lower  when  glyphosate  was  applied  on  plant  foliage,  than when  it was  applied  on the  soil.  Our  findings
illustrate  that  glyphosate  application  negatively  affects  AMF  functionality  in  grasslands,  due to  different
causes  depending  on  the  herbicide  application  site.  While,  under  field  conditions,  the  occurrence  of  direct
and/or indirect  pathways  will  depend  on  the plant  cover  at  the time  of  glyphosate  application,  the  con-
sequences  of  this  practice  on the plant  community  structure  will  vary  with  the mycorrhizal  dependence

n  reg
of  the  species  compositio

. Introduction

Glyphosate (N-phosphonomethylglycine) is a systemic non-
elective herbicide, the most widely used in the world, to control
eeds in horticulture, agriculture, silviculture, and urban land-

capes (Woodburn, 2000; Helander et al., 2012), and also in
ivestock systems (Rodriguez and Jacobo, 2010). Glyphosate com-
etitively inhibits 5-enolpyruvylshikimate-3-phosphate synthase
EPSPS), an enzyme in the shikimate pathway, thereby inhibiting

ynthesis of aromatic amino acids (phenylalanine, tyrosine, and
ryptophan) (Helander et al., 2012). This leads to several metabolic
isturbances, including the arrest of protein production and
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e  Buenos Aires, Av. San Martín 4453, CPA1417DSE, Buenos Aires, Argentina.
el.:  +54 1145248000.
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ardless  of  the  pathway  involved.
© 2013 Elsevier B.V. All rights reserved.

prevention of secondary product formation (Franz et al., 1997).
EPSP synthase is not only found in plants but also in bacteria and
fungi (Padgette et al., 1995), some of which play key roles in soil
nutrient cycling (Roberts et al., 1998; Zablotowicz and Reddy, 2004;
Feng et al., 2005).

Risks of glyphosate toxicity to non-target organisms in soils
were generally considered as marginal, since glyphosate is prone
to rapid microbial degradation and immobilization in soils (Giesy
et al., 2000). However, recent studies have also shown that degra-
dation and immobilization are highly variable. Soil sorption and
degradation of glyphosate exhibit great variation depending on
soil composition and properties (de Jonge et al., 2001; Gimsing
et al., 2004, 2007) as well as climate conditions (Borggaard and
Gimsing, 2008; Helander et al., 2012). Management practices, such

as phosphate fertilization, generate a remobilization of glyphosate
residues in soils because P competes for adsorption sites (Bott et al.,
2011). In addition, glyphosate can be released into the rhizosphere
through root exudations from plants treated with this herbicide

dx.doi.org/10.1016/j.apsoil.2013.06.011
http://www.sciencedirect.com/science/journal/09291393
http://www.elsevier.com/locate/apsoil
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsoil.2013.06.011&domain=pdf
mailto:druille@ifeva.edu.ar
mailto:mdruille@gmail.com
dx.doi.org/10.1016/j.apsoil.2013.06.011
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ig. 1. Potential direct and indirect effects of glyphosate on AMF. Solid lines corresp
ines  indicate short term indirect effects caused by changes in the host plant, which
n  spores and external hyphae.

Neumann et al., 2006). Furthermore, aminomethylphosphonic
cid (AMPA), the primary degradation product of glyphosate, has

 greater environmental persistence and mobility in soil than
lyphosate (Battaglin et al., 2005; Kjaer et al., 2005), and it seems to
e equally toxic to non-target organisms (Giesy et al., 2000). Hence,
he apparently insignificant impacts of glyphosate on aboveground
nd belowground ecosystem components and processes have
ecently been challenged (Reddy et al., 2000; Casabé et al., 2007;
esfamariam et al., 2009; McMullin et al., 2012).

As a result of the key role that plant symbionts play in ecosys-
ems, there is a growing interest in evaluating the effect of
lyphosate on arbuscular mycorrhizal fungi (AMF). These fungal
ymbionts, common to ecosystems worldwide (Brundrett, 2009),
re obligate biotrophs horizontally transmitted by three kinds of
ropagules from the soil: spores, external mycelium and infected
oot segments (Smith and Read, 2008). AMF  can improve growth or
erformance of a variety of plant species, by improving uptake of
hosphorus and other nutrients (Sanders and Fitter, 1992), water
elations (Smith and Read, 1997), and protection against pathogens
Newsham et al., 1995). Growth response of colonized plants varies
ccording to the specific identity of colonizing AMF  (Bever, 1999),
eading to changes in their competitive abilities, hence, affecting
lant community structure. As a consequence, AMF  may  play a
ey role in the definition of plant diversity, ecosystem variabil-
ty and productivity (van der Heijden et al., 1998b). Studies have
hown contradictory results about the effect of glyphosate on AMF
oot colonization, ranging from increases to decreases or neutral
esults (Morandi, 1989; Malty et al., 2006; Ronco et al., 2008).

hese differences could be due to the different plants and AMF
pecies, different doses of glyphosate, moment and application
ite (soil or plant foliage) and/or type of substrate used in each
ase.
o the possible direct effects of the herbicide on spores and external hyphae. Broken
d impact on the internal fungal structures (hyphae, arbuscules and vesicles) and/or

A decrease in root colonization and/or abundance of AMF  species
within all or some of the plant species in the community may  be
some of the consequences of the negative effect of glyphosate on
AMF. Such a reduction could be due to direct or indirect effects of
the herbicide (Fig. 1). The former would be associated to the dam-
age to the external hyphae and/or AMF  spores caused by glyphosate
(Druille et al., 2013), since part of the applied herbicide may  end up
directly on the soil surface (Helander et al., 2012). Indirect effects,
in turn, could occur at two  different levels of organization and on
different time scales: (1) individual level, through the short term
responses that glyphosate causes on the recipient plants and, fur-
ther on, in their rhizosphere (for example, reducing their ability
to provide carbohydrates to the fungus and changing the quantity
and quality of exudates) and (2) plant community level through
long term changes in species composition and diversity induced
by glyphosate. In this paper we  considered only the short-term
indirect effects.

The aim of this work was to detect the possible pathways
through which glyphosate application affects AMF spores viabil-
ity and root colonization in grassland communities. We tested the
hypothesis that glyphosate application reduces AMF  both directly,
by taking contact with external spores and hyphae, and indi-
rectly, through changes generated on the host plant. To test this
hypothesis, we  used two plant species, pertaining to different plant
functional groups: Lotus tenuis Waldst. & Kit. ex Willd. (legume)
and Paspalum dilatatum Poir (C4 grass). These functional groups
are characterized by greater mycorrhizal dependency than non-
legumes dicotyledons and C3 grasses (Wilson and Hartnett, 1998).

Both species were included in the analysis because the response
of mycorrhizal fungi to chemical treatments (Jalali and Domsch,
1975) or other stresses can be influenced by the different host
plant species. This essay intends to continue the work carried out
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y Druille et al. (2013), in which a negative effect of glyphosate
pplication on AMF  spores was already evidenced.

. Materials and methods

.1. Study site, sample collection and growing conditions

Plants of P. dilatatum and L. tenuis were collected in summer
011 from a grazed grassland located near Azul, in the center of
he Flooding Pampa region (36◦40′ S, 59◦32′ W,  80 m above sea
evel). The average annual temperature in the region is 14.6 ◦C, and
nnual precipitation is 895 mm yr−1 (Perelman et al., 2001). The
oil was classified as a clay loam typical Natraquoll/US Soil Taxon-
my  (Mollic Gleyic Solonetz/FAO Soil Taxonomy), with 3.5% organic
atter, 5.6 ppm P and had a pH of 6.3. Although in this type of

rasslands, glyphosate is applied in late summer to promote the
rowth of winter annuals (Rodriguez and Jacobo, 2010), the study
ite had no history of herbicide treatment. In mid-February, plants
f the same age and size were collected, and placed individually
n 1 l plastic pots with their associated soil. The soil was  handled

ith caution, in order to maintain its structure (mainly its poros-
ty). Plants were kept in a greenhouse at 25–35 ◦C until harvest, and

atered to maintain the soil at field capacity, without addition of
ertilizers. These were distributed following a completely random
esign and rotated weekly. Glyphosate application was  performed
0 days after transplantation, to ensure plant establishment.

.2. Experimental design and herbicide application

The experiment had a completely randomized design with a
actorial array with three factors: (1) plant species, at two lev-
ls (P. dilatatum and L. tenuis),  (2) doses of glyphosate, at three
evels (0 l ha−1, 0.8 l ha−1 and 3 l ha−1), and (3) application site,
t two levels: soil (direct pathway) and plant foliage (indirect
athway). In the first case, glyphosate was applied to the pots
nce dissolved in 200 cm3 of water, equivalent to a concentra-
ion of 3.8 and 14.5 mg  l−1 (0.79 and 3 mg  kg−1), for the treatment
f 0.8–3 l ha−1, respectively. The volume of glyphosate solution
pplied allowed carrying the moisture content of the soils at field
apacity (approximately 20%). This application was  made taking
are that the solution was not in contact with plant foliage. In the
econd case, the herbicide was applied to plant foliage using a brush
o carefully cover the leaf surface, without coming into contact with
oil. Plants for this treatment were watered with 200 cm3 of water,
o equalize the water supplied when glyphosate was applied on the
oil. Five replicates were performed for each treatment.

.3. Measurements

.3.1. AMF  spore isolation and viability assessment
Spores were extracted from a 50 g sub-sample of air-dried soil

or each sample. They were wet-sieved and decanted (Gerdemann
nd Nicolson, 1963) and the supernatant was  centrifuged in a
ucrose gradient (Walker et al., 1982). The experimental soil
ad an average density of 160 spores per 50 g of dry soil. An’s
nd Hendrix’s (1988) procedure was used to determine viable
pores, i.e. those developing a red color with the tetrazolium
romide vital stain MTT  [3-(4,5-dimethylthiazol-yl)-2,5-diphenyl-
H-tetrazolium bromide]. Spore suspensions were diluted 1:1 with

 solution of 0.5 mg  MTT  ml−1 and incubated for 40 h.

.3.2. AMF  root colonization

Plants were harvested 15 days after glyphosate application.

oots were washed in tap water and cleared with 10% KOH for
5 min  at 90 ◦C, placed in 1% HCl for 10 min  and then stained with
.05% lactic–glycerol–Trypan Blue for 5 min  at 100 ◦C (Phillips and
ology 72 (2013) 143– 149 145

Hayman, 1970). A total of 20 root fragments (ca. 1-cm long) from
each plant were mounted on slides in a polyvinyl alcohol–lactic
acid–glycerol solution and examined under microscope at 200×
magnification. Root colonization was  assessed with the method
proposed by McGonigle et al. (1990); the total colonized roots and
the fraction of root length containing arbuscules and vesicles were
determined.

2.3.3. Chlorophyll concentration and green biomass
To estimate plant vigor, chlorophyll concentration was  non-

destructively measured using a chlorophyll meter (SPAD-502,
Minolta) 15 days after application. Measurements consisted of 10
readings, five on each side of the midrib. Plants were then harvested
from the surface of the soil, and green biomass was separated from
dead biomass. Dry weight was  determined after oven drying for
72 h at 70 ◦C.

2.4. Statistical analysis

Spore viability, chlorophyll content and green biomass data
were analyzed using Analysis of Variance (ANOVA). Fungal traits
(total root colonization, and percentages of arbuscules and vesi-
cles) were analyzed in a three-way MANOVA. This analysis allows
considering fungal traits as a collective measure of AMF  response.
Pillai’s trace was  used as the multivariate criterion. When MANOVA
showed significant results, we used protected univariate ANOVA
analysis to determine which of the response variables was  the
most affected by treatments (Scheiner, 2001). To obtain homoge-
nous variances, percent data were arcsine square-root transformed
(y = arcsine

√
x) before carrying out each analysis. The significance

level was set at  ̨ = 0.05. Treatment means were compared using
Tukey test when significant F values were found. Although field
collected plants were of similar size, green biomass was used as a
covariate in the analysis of variance (MANOVA and ANOVA) when
evaluating the effect of glyphosate on root colonization.

3. Results

3.1. Spore viability

A significant interaction was  detected between glyphosate
rate and application site (F[2,47] = 5.17; P = 0.0093). A reduction of
40–46% in AMF  spore viability was detected when glyphosate was
applied on the soil (direct pathway). This decrease was of similar
magnitude in the intermediate rate and field recommended rate,
and this effect was  independent of the plant species evaluated.
When glyphosate was applied on plant foliage, spore viability did
not differ from the control treatment (Fig. 2A and B).

3.2. Root colonization

A significant effect of plant species, glyphosate rate and appli-
cation site was found on fungal traits (MANOVA; Table 1), but
no effect of the interaction between them was  discovered. With
regard to root colonization, protected ANOVA shows that there was
a significant effect of species (being greater in L. tenuis than in P.
dilatatum) and glyphosate rate (being colonization in plants with-
out glyphosate application higher than the one on plants treated
with some of the two  doses tested). No significant differences were
found between application sites (Table 2 and Fig. 3A and B).

Percentage of arbuscules showed a response similar to the total
root colonization, but in this case a significant effect of applica-

tion site was  found (Table 2). The number of arbuscules was  20%
lower when glyphosate was applied on plant foliage, than when
it was applied on the soil (Fig. 3C and D). None of the main fac-
tors tested had a significant effect on the percentage of vesicles



146 M. Druille et al. / Applied Soil Ecology 72 (2013) 143– 149

Fig. 2. AMF spore viability in communities associated to plants of (A) L. tenuis and (B) P. di
on  plant foliage (indirect pathway). Means with the same letter indication are not signific

Table 1
Results of multivariate analysis of variance (MANOVA) for the effects of plant species,
glyphosate rate and application site on fungal traits (total root colonization, percent-
age of arbuscules and percentage of vesicles).

Effect Pillai’s trace d.f. (numerator, denominator) F

Species (S) 0.29 3, 43 5.99*

Glyphosate rate (G) 0.54 6, 88 5.44**

Application site (A) 0.23 3, 43 4.30*

Green biomass 0.04 3, 43 0.55
S  × G 0.25 6, 88 2.07
S  × A 0.03 3, 43 0.47
G  × A 0.06 6, 88 0.42
S  × G × A 0.22 6, 88 1.86
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illai’s trace was  used as the multivariate criterion. Bold denotes significant effects
t  *P < 0.001; **P < 0.0001.

Table 2 and Fig. 3E and F). Both in the MANOVA as in the protected
NOVAs, green biomass introduced as covariate was not significant

Tables 1 and 2), showing that the effects found in root coloniza-
ion were independent of this variable and solely depended on the
pplication of glyphosate.

.3. Chlorophyll content and green biomass

Regarding chlorophyll content on leaves, a significant inter-
ction was found between glyphosate rate and application site
F[2,47] = 28.81; P < 0.0001). Glyphosate reduced chlorophyll content
hen it was applied on plant foliage, but not when it was applied

n the soil (Table 3). The response described above did not vary
etween plant species analyzed (F[1,47] = 1.66; P < 0.2035).

Concerning green biomass, there was no significant effect of
lant species (F[1,47] = 2.18; P = 0.1469). As expected, an interac-

ion was found between glyphosate rate and application site
F[2,47] = 26.93; P < 0.0001). There was a decrease in green biomass
hen glyphosate was applied on plant foliage, and this decrease
as significantly greater when the highest dose was  applied in

able 2
rotected ANOVAs for effects of species (Lotus tenuis or Paspalum dilatatum), glyphosat
olonization, arbuscules and vesicles.

Root colonization 

d.f. F P 

Species 1, 53 14.38 0.0004 

Herbicide rate 2, 53 17.41 <0.0001 

Application site 1, 53 0.90 0.3461 

Green biomass 1, 53 0.54 0.4644 

old denotes significant effects (  ̨ = 0.05).
latatum 15 days after glyphosate application on soil (direct pathway) or application
antly different at  ̨ = 0.05. Error bars indicate standard error estimates.

relation to the intermediate rate. When the glyphosate was applied
on the soil, green biomass values were similar to the control
treatment.

4. Discussion

To the best of our knowledge, this study is the first to experi-
mentally evaluate the possible pathways through which glyphosate
can damage AMF. As hypothesized, these fungi were affected
directly and indirectly by glyphosate application. The importance
of each pathway depended on the fungal structure evaluated.
Due to the different degree of mycorrhizal dependency that dif-
ferent plant species present (Habte and Manjunath, 1991), our
results suggest that glyphosate regulation of AMF  structures into
the soil and arbuscule formation for nutrient acquisition from
host may  lead to floristic changes in the grassland plant com-
munity (Gange et al., 1993; van der Heijden et al., 1998a; Bever,
1999; Gange et al., 1999). At the same time, glyphosate applica-
tion causes changes in species composition in the short-medium
term (Rodriguez and Jacobo, 2010), which could affect the diversity
of AMF  considering the dependency between both communities
(Bever, 1999).

Spore viability was reduced only when glyphosate was applied
on the soil (direct pathway), being this reduction similar between
the intermediate and high doses. The magnitude of this direct effect
was lower than that reported by Druille et al. (2013), and this could
be due to the degree of disturbance caused on the soil. In the pre-
vious experiment conducted by Druille et al. (2013) soil was  sieved
(2 mm)  and homogenized, whereas in this experiment, soil main-
tained its structure and host plant was  present. Malty et al. (2006)
found that glyphosate inhibits germination and growth of AMF

spore in culture media, but not when it is applied to soil before
soybean sowing. This direct effect on spores may  depend on the
AMF  species evaluated. Herbicide inhibition on germination and
growth of AMF  spore germ tubes showed a decreasing tendency

e rate (0, 0.8 or 3 l ha−1), and application site (soil or plant foliage) on total root

Arbuscules Vesicles

F P F P

9.90 0.0027 0.04 0.8393
12.80 <0.0001 0.75 0.4774
17.91 <0.0001 0.20 0.6544

2.13 0.1500 2.74 0.1040
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Fig. 3. Total root colonization, arbuscules and vesicles in plants of L. tenuis and P. dilatatum 15 days after glyphosate application on soil (direct pathway) or application on
plant  foliage (indirect pathway). Error bars indicate standard error estimates.

Table 3
Chlorophyll content of plants of L. tenuis and P. dilatatum,  15 days after glyphosate application.

Glyphosate rate (l ha−1)

Species 0 0.8 3

Application site

Soil Plant foliage Soil Plant foliage Soil Plant foliage

Chlorophyll content L. tenuis 40.2 ± 2.5a 34.3 ± 1.4a 36.3 ± 4.1a 19.5 ± 0.7b 34.1 ± 0.8a 12.8 ± 0.8b

 1.0a

M wed 

f
m
(
t

(SPAD units) P. dilatatum 37.9 ± 2.4a 34.9 ±
ean values of five replicates ± standard errors are shown. In each row, means follo
rom Glomus etunicatum to Scutellospora heterogama and Gigaspora
argarita (Malty et al., 2006), and being null in Glomus mosseae

Giovannetti et al., 2006). The absence of indirect effects indicates
hat although glyphosate can be exuded by roots of plants treated
36.6 ± 1.2a 13.8 ± 1.8b 36.3 ± 1.1a 11.4 ± 3.1b

by different letters are significantly different (P < 0.05) by Tukey tests.
with this herbicide (Neumann et al., 2006), the quantity in the rhi-
zosphere was not enough to affect spores viability.

Total root colonization was reduced in the same magnitude
when glyphosate was applied at 0.8 or 3 l ha−1, demonstrating high



1 oil Ec

s
t
o
w
a
3
f
w
t
a

r
t
s
e
t
s
c
a
m
m
g
w
1

p
d
r
f
t
w
a
H
f
I
g
a
2
s

b
t
a
o
s
r
t
w
o
a
n

c
m
h
s
a
t
t
i
J
s
d

e
i

48 M. Druille et al. / Applied S

ensitivity of these microorganisms to glyphosate. This implies that
he damage caused by this herbicide may  not only be perceived
n the area to be treated, but in the surrounding areas through
ind driven drift of the herbicide spray. Strong winds and poor

pplication procedures may  result in total spray drift as high as
7% (Nordby and Skuterud, 1974). There were no significant dif-
erences in the magnitude of the reduction of root colonization
hen glyphosate was applied on plant foliage or on soil. However,

he causes of this reduction should be different depending on the
pplication site of the herbicide.

When glyphosate was  applied on soil (direct pathway), the
eduction in root colonization may  have been due to the damage
hat glyphosate (the active ingredient, any of the adjuvants and/or
ome of its degradation product, as AMPA) could have caused in
xternal hyphae and/or spores. Ronco et al. (2008) found a reduc-
ion in root colonization, arbuscules and vesicles in pepper plants
own in soil previously treated with glyphosate. This would indi-
ate that herbicide application reduced the amount of previously
dded propagules to the substrate (spores, mycorrhizal root frag-
ents, and mycelium of G. mosseae). We are aware that there
ay  be other explanations for these results. As mentioned above,

lyphosate can damage other microorganisms present in the soil,
hich, in turn, can modify the functionality of the AMF  (Garbaye,

994).
The fall in root colonization when glyphosate was  applied to

lant foliage (indirect pathway) could be due to carbon stress pro-
uced in the host plant. As shown in Table 3, glyphosate application
educed chlorophyll content in leaves when it was applied on plant
oliage, and this would impact on photosynthetic rate. This reduc-
ion together with diminished green foliar area in plants treated
ith this herbicide could reduce carbon flow to the roots, thus

ffecting root colonization (Bethlenfalvay and Dakessian, 1984;
ampp and Schaeffer, 1999). Indirect effect on root colonization

ound in this study does not coincide with some previous research.
n part, the null effect reported elsewhere may  be due to the use of
enetically modified plants (mainly soybean) that resist glyphosate
pplication (Mujica et al., 1999; Powell et al., 2009; Savin et al.,
009). Therefore, plants do not suffer carbon stress because photo-
ynthetic rates and leaf area remain unchanged.

Arbuscules were also reduced through glyphosate application,
ut in this case there was an effect of application site. The reduc-
ion in percentage of arbuscules was higher when glyphosate was
pplied on plant foliage (indirect pathway) that when it was  applied
n soil (direct pathway). This indicates a greater sensitivity of this
tructure to changes in the supply of carbohydrates by the plant,
elative to the direct effect on spores and external hyphae and
heir capacity to generate arbuscules within the root in soil treated
ith this herbicide. In both cases, the reduction in the percentage

f arbuscules implies that the functionality of the symbiosis was
ffected, given these structures are the main site for host-fungus
utrient exchange (Smith and Gianinazzi-Pearson, 1988).

Therefore, the results presented in this paper support the con-
lusion that glyphosate directly and indirectly damages AMF, which
ay  impact on the interaction between these symbionts and their

ost plants in grasslands. Under field conditions, direct and indirect
ize effects will depend on the plant cover at the time of glyphosate
pplication, and this will impact differently on their life cycle, since
he importance of each pathway depended on the fungal struc-
ure evaluated. In grasslands where the application of glyphosate
s made with the aim to promote winter species (Rodriguez and
acobo, 2010), plant cover will depend on the density of plants per
quare meter (which can vary depending on the degree of grassland

eterioration), and the days elapsed since the last grazing.

Further studies should be performed in order to evaluate this
ffect in other soil types which differ in texture (and therefore
n herbicide adsorption capacity and microbial activity) and in
ology 72 (2013) 143– 149

different host plants with different mycorrhizal dependency and
glyphosate sensitivity. Field experiments are also required to con-
firm these potential effects of AMF  on plant community and
the possible long-term effects of these changes on AMF  commu-
nity, taking into account the dependency between them (Bever,
1999). Moreover, it will be necessary to elucidate the mechanisms
involved, since negative effects could be due to glyphosate itself,
its degradation products, any of the adjuvants, or changes in soil
environment. Given the strength of their effect, AMF should be
incorporated into management practices and research priorities.
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