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Dans 1 g de sol forestier tempéré (sec)…

105 – 107 bactéries (de 103 à 105 espèces)

103 – 105 espèces de champignons

103 protozoaires d’espèces variées

des algues en surface…

… animaux (5-10  mg/m2) et racines, 
soit 6,4 t/ha de biomasse fraîche



23% des espèces connues (contre 
13% dans les océans)

25% des espèces animales terrestres

50 à 75% de la biomasse vivante des 
écosystèmes terrestres
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« si les êtres microscopiques
disparaissent de notre globe, la
surface de la terre serait encombrée
de manière morte et de cadavres de
tout genre, animaux et végétaux.
(…) Sans eux, la vie deviendrait
impossible, parce que l’œuvre de la
mort serait incomplète »
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• 1 km d’hyphes / m de racine 
• 100 m d’hyphes / cm3 de sol 

• une interface accrue 10 000 x
• … pour un coût 100 x moindre

Endomycorhizes à arbuscules



Parmi les arbres :

• Frênes
Noyers

• Erables
• Rosacées (pommiers, 
• poiriers, sorbiers, 

aliziers, abricotiers, 
cerisiers…

• Liquidambars
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La biodiversité des sols
Biomasse moléculaire microbienne

Microgramme ADN/g de sol Diversité bactérienne

Les sols agricoles ont une faible biomasse microbienne 
mais une diversité bactérienne importante
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comparable to the increase in erosion under conventional agri-
culture provides strong inverse confirmation of the generality of
a 1–2 order of magnitude increase in erosion rates under
conventional agriculture.

Discussion
The mean and median soil production rates from the compila-
tion reported here are somewhat lower, and the mean agricul-
tural erosion rates are somewhat higher, than those reported
previously for global and U.S. estimates (Table 3). Previous
estimates of the mean soil loss from U.S. and global croplands
range from 0.2 to 1.5 mm/yr, with a mean of 0.95 mm/yr for the
reported values for U.S. croplands summarized in Table 3.
Estimates of global average erosion rates for the past 500 million
years range from 0.016 to 0.024 mm/yr based on sediment
volumes preserved in the geologic record (49, 50) and thus
overlap with the median value of geologic erosion rates found
here but are several times lower than the mean values. Previous
estimates of average global soil production range from 0.058 to
0.083 mm/yr (51, 52), several times higher than the mean for the
data compiled here. In any case, however, there is !1 order of
magnitude discrepancy between contemporary rates of erosion
under conventional agriculture and long-term rates of erosion
and soil production.

Given that plowed fields erode substantially faster than rates
of soil production and natural soil erosion, a limiting lifespan of
an agricultural civilization can be estimated by the time needed
for conventional agriculture to erode through the native stock of
topsoil. The critical time, Tc, it takes to erode through a soil
profile may be expressed as

Tc ! S /"E " P# , [1]

where S is the initial thickness, E is the soil erosion rate, and P
is the soil production rate (53). With average soil production and
geological erosion rates of $0.2 mm/yr and average soil erosion
rates under conventional agricultural practices of !1 mm/yr, the
time required to erode through the soil is on the order of a few
hundred to a few thousand years for an initially decimeter- to
meter-thick soil profile typical of undisturbed areas of temperate
and tropical latitudes (Fig. 5). This simple constraint on the
lifespan of agricultural soils predicts reasonably well the histor-
ical pattern of a 500- to several-thousand-year lifespan for major
civilizations around the world, supporting the argument that it
was not the axe that cleared forests but the plow that followed
that undermined many ancient societies (54).

The data compiled here demonstrate this problem is not just
ancient history. A direct implication of the imbalance between
agricultural soil loss and erosion under both native vegetation
and geologic time is that, given time, continued soil loss will
become a critical problem for global agricultural production
under conventional upland farming practices. With little new
land that could be brought under sustained cultivation (55) and
a projected increase in global population to !10 billion later this
century, the issue of long-term agricultural sustainability will
become increasingly pressing, although maintaining soil health
and agricultural productivity additionally requires preventing
nutrient depletion. Yet if agricultural erosion rates remain far
beyond rates of soil production, global society will eventually be
compelled to either adopt agricultural methods that sustain the
soil or face increasing competition over a shrinking agricultural
land base.

Materials and Methods
Data were compiled from a growing body of studies on rates of
soil production, long-term geological erosion, erosion under
native vegetation, and agricultural fields. In compiling such data,
I have avoided including data from sediment-yield studies for
drainage basins where sediment storage issues complicate as-
sessing upland erosion rates (such as from large river systems) or
floodplain environments where soil production does not proceed
directly from rock weathering but instead occurs from redepo-
sition of former upland soils.

Fig. 4. Box-and-whiskers plot showing the range of reported decreases in
erosion rate for studies reporting direct comparisons of conventional tillage
and no-till practices for comparable settings (n % 39, median % 20, mean %
488, minimum % 2.5, maximum % 7,620). Data include studies that reported
both rates individually and those that simply reported a ratio between erosion
rates under conventional or no-till cultivation.

Table 3. Average global and U.S. cropland erosion rates reported
in previous studies

Source Mean erosion rate, mm/yr

Global cropland
Wilkinson (49) 0.64

U.S. cropland
Barlowe (56) 1.00
USDA (57) 0.20–0.45
Beasley et al. (58) 0.90
Harlin and Barardi (59) 1.50
USDA (60) 0.52
Pimentel et al. (61) 0.68
Uri and Lewis (36), 1982 1.67
Uri and Lewis (36), 1997 1.08
Wilkinson and McElroy (50) 0.89

Fig. 5. Critical time (Tc) required to erode a soil profile of differing initial
thickness (S) for different net soil erosion rates set by the difference between
rates of soil erosion (E) and production (P), defined by Tc % S/(E&P).
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sion rate and mean local relief. In that study, they reported data
for which a median value of 86 m characterized the mean local
relief defined over a 10-km-diameter circle for all of North
America, Europe, South America, and Asia. Introduced into the
foregoing relation, this value corresponds to an erosion rate of
0.017 mm/yr, close to global geological erosion rate estimates
reported previously and identical to the median soil production
value for the data compilation reported here. The observation
that erosion rates increase nonlinearly with increasing mean
local relief above R ! 1 km (39) implies that mean geological
erosion rates should substantially exceed median rates, as found
in the data compilation. However, "5% of Earth’s land mass has
R #1,000 m, and therefore the mean geological erosion rate of
six times the median rate found in the present compilation likely
reflects both a propensity for geologists to study alpine terrain
and disproportionately high erosion rates in such environments.

Given the tremendous range of erosion rates in different
environments, the ideal comparison to assess the effects of
agriculture on soil erosion involves direct before/after studies for
the same or comparable land under native vegetation and under
agricultural production. Although far fewer such direct compar-
isons are available, the range of ratios for the 46 examples
located in the present study confirms the general acceleration
implied by the data compiled in Fig. 1. Specifically, individual
studies involving direct comparison of rates of erosion under
native vegetation and conventional agriculture report 1.3- to
#1,000-fold increases (Fig. 3), with median and mean ratios of
18- and 124-fold, respectively, for the studies compiled.

In the mid-20th century, recognition that conventional agri-
culture dramatically accelerated soil erosion led to experimen-
tation with conservation tillage and no-till agriculture (40, 41).
Over the past several decades, no-till agriculture has been
increasingly adopted as a cost-effective alternative to conven-
tional tillage practices. Whereas in the 1970s few farmers used
no-till techniques, in 2000, 16% of the cultivated area on U.S.
farms used no-till methods (42). Although no-till practices have
been increasingly adopted in North and South America, only 5%
of global cropland is managed by using no-till methods (43).
No-till agriculture involves leaving crop stubble on the ground
surface instead of plowing it under, with seeds inserted directly
into the soil by a specialized drill. The layer of organic matter left
on the ground surface acts as mulch that promotes infiltration,

thereby reducing both runoff and erosion by the runoff that does
occur.

Given the wide range of site-specific conditions that affect
agricultural soil erosion, direct comparisons of methods on the
same fields or comparable ground provide the best way to
evaluate and compare the erosional effects of no-till and con-
ventional agriculture. In the late 1970s, one of the first field trials
of no-till methods reported a #75% reduction in soil erosion
from Indiana cornfields (44). Another study in Ohio reported a
#10-fold decrease in soil loss for no-till vs. plowed watersheds
(40). More recently, agricultural researchers found no-till farm-
ing reduced soil erosion by #90% over conventional tobacco
cultivation (45). Comparison of soil loss from cotton fields in
northern Alabama found that no-till plots averaged two to nine
times less soil loss than tilled plots (46). One study in Kentucky
reported that no-till methods decreased soil erosion by an
astounding 98% (47). Although the effect on erosion rates
depends on a number of local factors, such as the type of soil and
the crop, the 39 examples involving direct comparisons of soil
erosion under conventional and no-till methods compiled here
represent a wide variety of settings with very different erosion
rates and show that no-till practices reduce soil erosion 2.5 to
#1,000 times, with median and mean values of 20 and 488 times,
respectively (Fig. 4), enough to bring agricultural erosion rates
into line with rates of soil production.

The similar differences between rates of soil erosion from
conventionally cultivated and both no-till fields and geological
erosion rates indicate that these differences cannot arise simply
from the different time scales under consideration (48). The
observation that no-till practices reduce erosion by amounts

Table 1. Characteristics of erosion rate distributions for the compiled data presented in Figs. 1 and 2

Measurement type Sample size, n Median, mm/yr Mean, mm/yr Standard error, mm/yr

Conventional agriculture 448 1.537 3.939 0.321
Conservation agriculture 47 0.082 0.124 0.022
Native vegetation 65 0.013 0.053 0.016
Soil production 188 0.017 0.036 0.004
Geological 925 0.029 0.173 0.029

Data sources are listed in SI.

Table 2. Average global geologic erosion rates and global soil
production rates reported in previous studies

Source Rate, mm/yr

Global geologic erosion
Montgomery and Brandon (39) 0.017
Wilkinson (49) 0.024
Wilkinson and McElroy (50) 0.016

Global soil production
Wakatsuki and Rasyidin (51) 0.058
Troeh et al. (52) 0.083

Fig. 3. Box-and-whiskers plot showing the range of reported increases in
erosion rate for studies reporting direct comparisons of erosion under con-
ventional agriculture vs. native vegetation for comparable settings (n ! 46,
median ! 18, mean ! 124, minimum ! 1.3, maximum ! 1,878). Data include
studies that reported both rates individually and those that simply reported
a ratio between erosion rates under native vegetation and conventional
cultivation.

13270 ! www.pnas.org"cgi"doi"10.1073"pnas.0611508104 Montgomery
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root penetration and water in!ltration by constructing up to 8900 km of belowground channels per 
hectare17. "us, earthworms strongly modulate agroecosystem function and services and any factor that 
may harm earthworms will impact ecosystem function, including plant growth and productivity14,18,19.

Most studies that have examined the e#ects of glyphosate-based herbicides on the activity and repro-
duction of temperate earthworms have been conducted under laboratory conditions using compost 
worms (Eisenia species) that commonly do not inhabit agroecosystems20–25. Here, we present results of a 
greenhouse experiment testing the e#ects of a glyphosate-based herbicide on two earthworm species that 
are indeed frequently found in agroecosystems: the vertically burrowing anecic earthworm Lumbricus 
terrestris L. and the soil-dwelling endogeic species Aporrectodea caliginosa Savigny. We hypothesized that 
herbicide application would stimulate earthworm activity and reproduction due to the increased availa-
bility of dead plant material that earthworms can use as food source. As a knock-on e#ect, we expected 
that herbicide application via its e#ects on earthworms would also alter water in!ltration, soil nutrient 
availability, and decomposition.

Figure 1. Activity of vertically burrowing earthworms before and a!er the herbicide application (-H, 
without herbicide; +H, with herbicide). (A) Daily surface cast production, (B) cumulative cast production 
over the course of the experiment, (C) time course of soil temperature (temp) and soil moisture (moist) 
(N =  6, mean ±  SE). Red band marks period of herbicide application. P-values from two-sample Wilcoxon 
tests performed for the pre- and post-herbicide periods.
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Surface casting activity and cast mass production of the soil-dwelling earthworm species, A. caliginosa, 
was not a!ected by herbicide application (Fig.  2A,B). Monitoring surface casting activity has recently 
been proposed as an ecotoxicity test better related to earthworms’ ecological role than standard labo-
ratory tests26. Although the studied earthworm species di!er in their feeding behavior, both have been 
shown to cast on the soil surface when foraging for leaf litter and other organic material27,28. #e peak in 
surface casting activity observed a$er herbicide application was therefore likely the consequence of an 
increased availability of dead leaf material. Since we provided extra food for earthworms in all treatments 
(i.e., dried chopped hay spread over the soil surface) which is supposed to increase surface casting activ-
ity, the further decrease in casting activity in herbicide-treated mesocosms clearly demonstrates a direct 
impact of the herbicide. #ese detrimental e!ects of the herbicide on earthworm activity are also surpris-
ing as soil moisture increased between 3% to 39% a$er herbicide application (Fig. 1C) re%ecting the lack 
of physiologically active, transpiring plants – however, increased soil moisture commonly stimulates cast-
ing activity13,29,30. Another explanation for the reduced surface casting activity a$er herbicide treatment 
might also be that L. terrestris avoided plant residues contaminated with glyphosate on the surface. As 
a consequence these earthworms might have lived in deeper soil horizons and avoided surface foraging 
and casting. #is might also suggest the – albeit not signi&cant – higher water in&ltration in mesocosms 
with this species when exposed to the herbicides (see below). Overall, at the end of the experiment 
we retrieved 93.3 ±  6.6% and 86.7 ±  9.9% of introduced numbers of L. terrestris and 100.0 ±  0.1% and 
100.0 ±  2.6% of introduced numbers of A. caliginosa in –H and + H treatments, respectively.

Reproduction success of both earthworm species substantially decreased a$er herbicide application. 
In total we found 25 cocoons from L. terrestris (18 cocoons in two –H, 7 cocoons in one + H mesocosm) 
and 292 cocoons from A. caliginosa (193 cocoons in six –H, 99 cocoons in six + H mesocosms). Hatching 
rate, i.e., percentage of cocoons from which earthworms hatched, decreased from 43% to 17% for L. 
terrestris (no statistical test was performed because of two few replications among treatments) and from 
71% to 32% for A. caliginosa (P <  0.001) when cocoons were collected in mesocosms without herbicide 
or with herbicide treatment, respectively (Fig.  3). In ecotoxicological trials in the laboratory without 
plants glyphosate herbicide has also been shown to decrease the growth of A. caliginosa31,32 and repro-
ductive output of compost worms (E. andrei and E. fetida)21,22. However, to our knowledge, the current 
data are the &rst to demonstrate in a near-realistic setting side e!ects of glyphosate-based herbicides on 
the surface casting activity and reproduction of earthworm species that actually inhabit agroecosystems 
and will consequently come in contact with these pesticides.

Parameters indicating important ecosystems services were also a!ected by herbicide treatment. A$er 
herbicide application, all plants in our mesocosms were killed within a couple of days. As a conse-
quence plant available nitrate in the soil increased by 1592% and plant available phosphate by 127% 
(Fig.  4A,B), probably attributable to a decrease in nitrate and phosphate uptake by plants33. While, no 
e!ect of glyphosate herbicides on soil decomposition rate was found, as in previous studies21, the herbi-
cide application tended to increase the stabilization factor of litter in soil suggesting a conversion from 
labile into more recalcitrant compounds (Fig.  4C; 26). Herbicide application had no immediate e!ect 

Figure 3. Percentage of cocoons with hatchlings of a vertically burrowing (L. terrestris, Lt) or a soil 
dwelling earthworm species (A. caliginosa, Ac) collected from mesocosms without (−H) and with (+H) 
herbicide application. (Lt: N =  1–2, Ac: N =  6, mean ±  SE). Inset shows a cocoon with a freshly hatched L. 
terrestris.
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on water in!ltration a"er a simulated heavy rainfall event of 40 l m−2 (Fig. 4D). $is was surprising as 
particularly vertically burrowing earthworms species such as L. terrestris are known to facilitate water 
in!ltration14,34. However, the soil dwelling A. caliginosa that were less a%ected by herbicides in our study 
increased water in!ltration (Fig. 4D, Table 1). $ese soil dwelling earthworms create short disconnected 
burrows with small diameters35 and have also been found to increase water in!ltration rates in other 
studies14,36.

Because earthworms play a pivotal role in co-determining how agro- and garden ecosystems func-
tion, the observed deleterious side e%ects of glyphosate-based herbicide application indicate far-reaching 
consequences of its use in ecosystems. First, the role of earthworms as important ecological engineers 
in agroecosystems and gardens can be compromised10. Reductions in mixing of organic litter within the 
soil will limit long-term soil microbial activity9, e%ects of earthworms on aboveground herbivores37–39, 
soil nutrient cycling and availability, all of which may lead to reductions in plant productivity40. Second, 
pulses of nitrate and phosphate availability following herbicide application could increase the risk of 
leaching or surface runo% of these nutrients into groundwater systems or adjacent aquatic ecosystems, as 
long as the crop cover is not yet re-established. Obviously, o&cial testing of potential side-e%ects during 
registration procedures failed to identify these ecologically important impacts41. Although productivity 
in many agricultural systems depends on the use of pesticides, !ndings from our study strongly indicate 
that more serious attention has to be paid testing pesticides for potential undesirable ecological side 
e%ects, especially in light of the projected doubling of global pesticide use by 20502.

Figure 4. Soil parameters a!ected by herbicide application (–H, without herbicide; +H, with herbicide 
application) in response to the presence of di!erent earthworms (NoEw, no earthworms; Lt, L. terrestris; 
Ac, A. caliginosa). (A) Plant available nitrate (NO3−), (B) plant available phosphate (PO4

3−), (C) soil 
stabilisation factor, and (D) water in!ltration rate. (N =  6, mean ±  SE).

Variable

Herbicide (H) Earthworm (Ew) H x Ew

F P F P F P

NO3¯ (µ g resin−1 day−1) 176.477 <0.001 3.404 0.047 0.062 0.940

PO4
3¯ (µ g resin−1 day−1) 6.827 0.014 0.426 0.657 0.490 0.617

k 2.297 0.140 0.249 0.781 1.392 0.264

S 3.789 0.061 0.946 0.400 0.528 0.595

In!ltration (l m−2 s−1) 0.401 0.532 7.247 0.003 1.041 0.366

Table 1.  Summary of two-way ANOVA results testing the e!ects of herbicide application and 
earthworms on plant available nitrate (NO3

−) and phosphate (PO4
3−), decomposition rate (k), 

stabilization factor (S), and water in"ltration rate. Signi!cant e%ects in bold.

N P

Stabilité H2O
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Plus le cuivre échangeable 
augmente dans le sol

Plus la biomasse 
microbienne diminue

Résultats obtenus sur 100 
terres en arboriculture d’une 
zone géographique homogène : 
le rapport biomasse 
microbienne/carbone total 
étudié est un bon indicateur de 
la qualité de l’environnement 
pour la vie du sol. Normalement 
plus il y a de carbone (= de 
matière organique, MO) plus il y 
a de biomasse microbienne 
(BM) . Ainsi pour éviter de 
comparer des sols très 
différents en teneur de MO (et 
donc potentiellement en BM), 
une division par ce terme 
permet de mettre en avant 
l’effet sur la BM plutôt qu’un 
lissage dû à la MO.

Cuivre EDTA méthode interne selon NFX 31-120
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2005; Brito et al., 2012; Brígido et al., 2017). Sustainable management 
practices may lead to positively influence the composition, the richness 
and the abundance of AMF communities when comparing agricultural 
fields with grasslands (Burrows and Pfleger, 2002; Jansa et al., 2003; 
Stürmer and Siqueira, 2011). In addition, tree-based intercropping sys-
tems may lead to the maintenance of the CMN regarding low soil 
disturbance or tillage (Hailemariam et al., 2013) and to the faster 
establishment of root colonization by AMF when switching from one 
crop to another (Mason and Wilson, 1994). However, the influence of 
tree-based intercropping systems on diversity of AMF communities, both 
on tree and crop roots, and on the functioning of the CMN is poorly 
understood in temperate regions (Chifflot et al., 2009; Lacombe et al., 
2009) compared to tropical regions (i.e. Snoeck et al., 2010; Jalonen 
et al., 2013; Dobo et al., 2018). CMN have been studied in many systems, 
both in field (Babikova et al., 2014) and controlled conditions (Walder 
et al., 2015; !Rez"a!cov"a et al. 2018a, 2018b), and were focused on how the 
network benefits the plant hosts. Diversity of AMF forming the CMN and 
associated with roots as well as the C contribution of plants in the 
building of CMN, was never assessed in the field. Here, we used walnut 
trees (Juglans nigra L., a C3-plant) and maize (Zea maïs L., a C4-plant), 
which display distinctly different ratios of 13C/12C (∂13C), to trace the 
delivery of plant C to AMF. In 2017, an old walnut tree orchard was 
replanted in several row distanced of 8 m with Fernette walnut variety 
after a light vibra-shank cultivator treatment. On May 30 2018, 8 rows of 
maize were planted, at a density of 81000 seeds/ha, in the area between 
two walnut rows. Young roots, from the walnut trees and from the maize 
plants of the second row (5m-away), were sampled for AMF diversity, 
and traps, buried at 15 cm for 4-months, were used to collect fungal 
mycelium for ∂13C measurements. Hyphal traps were 0.45L bags (15 !
15 ! 2 cm), made with 21 μm-nylon meshes and filled with a mixture of 
zeolithe (Symbion, Czech Republic) and sand (1 : 1 v/v). 

The AMF diversity was assessed by Illumina sequencing targeting the 
AMF large ribosomal sub-unit. All the detected OTUs belonged to the 
Glomerales order (Fig. 1) with one OTU, (Glomus sp Cluster 1) showing a 
homology of 98.8% with an uncultured Glomus (HQ243144), grouped 
33% and 22% of the sequences isolated, respectively from the maize or 
the walnut root system. OTUs belonging to the Rhizophagus and Septo-
glomus genus grouped respectively 29% and 13% of the total sequences. 
They grouped respectively 38% and 21% of the sequences in walnut 
roots, and only 21% and 4% in maize roots. Claroideoglomus was also 10 
times more present in walnut roots than in maize roots. On the opposite, 
sequences belonging to the Funneliformis genus were nearly exclusively 
detected in maize roots (33%) compared to walnut roots (0.01%), with 
29% of the sequences detected in maize corresponded to the F. mosseae 
species. These observations are in agreement with other reports showing 

that Funneliformis are often reported as tolerant to soil disturbance 
(Jansa et al., 2002, 2003; Borriello et al., 2012; Avio et al., 2013; Wetzel 
et al., 2014; Peyret-Guzzon et al., 2015). 

In order to determine the plant source of the carbon found in the 
fungal mycelium, values of ∂13C were determined as previously 
described (Courty et al., 2011) in the walnut or maize plant leaves as 
well in the mycelium. The ∂13C of walnut leaves ("32‰) was signifi-
cantly different from the ∂13C of maize leaves ("14‰) (Fig. 2). Myce-
lium collected from the traps close to walnut and maize roots displayed 
significant ∂13C values of ca. "26‰ and ca. "21‰, respectively, sug-
gesting a strong influence of neighboring plants to support AMF C needs. 
In addition, differences in the ∂13C values between the common myce-
lium collected under maize plants and walnut trees, could reflect a 
mycelium extending from the walnut trees to the maize plants. In fact, 
we may consider that the AMF mycelium close to maize roots was 
receiving C, not only from maize, but also from walnut trees. We do 
recognize that the collected mycelium could have different origins (i.e. 
AMF, saprobes) and thereby impact the ∂13C values. However, the fact 
that one of the most predominant OTU was detected in the roots systems 
of both plants allows to hypothesize the presence of a CMN between 
these plants. 

In summary, ∂13C analysis and OTUs suggest that walnut of walnut- 
based intercropping systems could have an impact on the C distribution. 

Fig. 1. Stacked bar of the taxonomic assignation of 
the OTU obtained from the maize (MAR) or walnut 
(WAR) associated roots representing 90% of the total 
sequences. The DNA was extracted from five inde-
pendent walnut or maize root samples and the AMF 
large ribosomal sub-unit amplified as previously 
described (Brígido et al., 2017), with the exception 
that the FLR3-FLR4 primers used for the second PCR 
were linked to Illumina Miseq adaptors. Samples were 
pair-end sequenced on an 2 ! 250 Illumina platform. 
The sequences obtained were clustered using the 
FROGS pipeline (Escudi"e et al., 2018) implemented 
on the Galaxy platform (Drain et al., 2019) and 
taxonomically assigned against the MaarjAM database 
(€Opik et al., 2010). Using as filter parameters the 
abundance of <0.0005, 17880 OTU representing 11% 
of the sequence abundance were removed. The final 
93 identifyied OTU belonged all to the Glomer-
onycota. The relative abundance data were obtained 
after rarefaction of all samples to the lowest number 
of reads in a sample (12524).   

Fig. 2. ∂13C values of walnut and maize roots, as well as mycelium collected 
from trapped (n ¼ 5). Different lowercase letters indicate significant differences 
according to pairwise t-tests (Bonferroni corrected, P < 0.01). 
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2005; Brito et al., 2012; Brígido et al., 2017). Sustainable management 
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et al., 2015; !Rez"a!cov"a et al. 2018a, 2018b), and were focused on how the 
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and the abundance of AMF communities when comparing agricultural 
fields with grasslands (Burrows and Pfleger, 2002; Jansa et al., 2003; 
Stürmer and Siqueira, 2011). In addition, tree-based intercropping sys-
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et al., 2013; Dobo et al., 2018). CMN have been studied in many systems, 
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that Funneliformis are often reported as tolerant to soil disturbance 
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receiving C, not only from maize, but also from walnut trees. We do 
recognize that the collected mycelium could have different origins (i.e. 
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perennials and also that generalist AMF species were shared between both plant
groups. The most frequent AMF colonizer of grapevine, Sclerocystis sinuosa, was
shared between grapevine, Plantago lanceolate, and Taraxacum officinale, whereas
Rhizophagus intraradices/Rhizophagus irregularis colonized grapevine, Trifolium
repens, and T. officinale (Fig. 13.2). Similarly, Baumgartner et al. (2005) observed
four AMF species (i.e., Glomus aggregatum, Claroideoglomus etunicatum ¼ G.
etunicatum, Funneliformis mosseae, Rhizophagus intraradices/Rhizophagus
irregularis) that were shared between grapevine and cover crops. These results
confirm the possibility of beneficial effects for grapevine promoted through the
common mycelial networks. As such, cover crop management practices might
enhance the microbiological function in vineyard ecosystems (Steenwerth and
Belina 2008), as they have been shown to affect AMF colonization of grapevine
roots through these shared common mycelial networks (Baumgartner et al. 2005).

13.6 Effects of Agricultural Practices on Fungal
Endophyte–Grapevine Interactions

In viticulture, the concept of terroir relates the sensory attributes of wines to the
environmental conditions of the grapes and is therefore an important descriptor of
the connection between a wine and its origin. This encompasses both the natural
factors of soil, climate, and topography and the human role in vineyard manage-
ment (Van Leeuwen and Seguin 2006).

Fig. 13.2 Arbuscular mycorrhizal species shared between the dominant herbaceous perennials
that occur naturally in vineyards (Radić et al. 2012), the cover crops (Baumgartner et al. 2005), and
the grapevines
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companion plants (Fig. 13.3) showed that some of the weeds increased the coloni-
zation levels of grapevine, whereas others had negative effects (Radić et al. 2012).

Furthermore, the appropriate cover crops effectively enhance the soil organic
matter content, with effects that include reduced run-off water and improved soil
water content, which is of particular importance in Mediterranean and semi-arid
agroecoystems (Steenwerth and Belina 2008).

13.7 Outlook

This chapter has focused on the recent evidence of great diversity of fungal
endophytes in grapevine plants and the potential that their presence has for viticul-
ture. It appears that despite high selective pressures in agricultural ecosystems,
fungal endophyte communities are well developed and can provide benefits for
grapevine, which is by default highly dependent on interactions with beneficial
fungi. Despite the commercial allure of a more extensive approach, promotion of
well-formed fungal endophyte communities can provide long-lasting benefits for
sustainable grape production. In the long-term, this can provide commercially
sound production, due to lowered costs with reduced need for fumigation and/or
fertilization of vineyards.

In particular, the focus needs to be on the benefits that fungal endophytes can
provide for grape quality and to relate these to the grapevines. A wider spectrum of
interactions needs to be considered (e.g., Piccolo et al. 2016). In more depth,
improved knowledge that relates interactions between fungal endophytes and
grapevine, and the positive effects that these will bring, will ultimately lead to
improvements in viticulture techniques and more sustainably oriented production
of grapevine products.

Fig. 13.3 Arbuscular mycorrhizal fungi colonization of grapevine when grown alone or in
combination with Plantago lanceolata or Tanacetum cinariifolium (Radić et al. 2012)
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Fig. 1. Illustration of the mesh core system in order to restrict roots of grapevine and 
 Vulpia myuros to separate compartments while allowing AM fungi to colonize 
 both root systems. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.  15N application on leaves of V. myuros and 5BB (4×) grape rootstock on the 30th 
 day of co-culture. Leaves of V. myuros were bundled together and the top half of 
 the plant was submerged in 9 ml of 15NH4Cl solution. Approximately half of the 
 leaves of the grapevines were sandwiched between paper towel soaked with the 
 solution and wrapped in plastic film (total volume of the solution was 2.5 ml for 
 non-inoculated plants and 5 ml for inoculated plants).   
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