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Abstract Earthworms, arbuscular mycorrhiza fungi
(AMF) and roots are important components of the
belowground part of terrestrial ecosystem. However,
their interacting effects on soil properties and plant
growth are still poorly understood. A compartmental
experimental design was used in a climate chamber in
order to investigate, without phosphorus (P) addition,
the single and combined effects of earthworms
(Allolobophora chlorotica), AMF (Glomus intraradi-
ces) and roots (Allium porrum) on soil structure,
nutrient concentration and plant growth. In our
experimental conditions, plant roots improved soil
structure stability (at the level of macroaggregates)
whereas earthworms decreased it. AMF had no effect
on soil structure stability but increased P transfer from
the soil to the plant and significantly increased plant
biomass. Earthworms had no direct influence on P
uptake or plant biomass, and the N/P ratio measured
in the shoots indicated that P was limiting. Interac-
tions between AMF and earthworms were also
observed on total C and N content in the soil and on
total root biomass. Their effects varied temporally and
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between the different soil compartments (bulk soil,
rhizosphere and drilosphere). After comparison with
other similar studies, we suggest that effects of
earthworms and AMF on plant production may
depend on the limiting factors in the soil, mainly N
or P. Our experiment highlights the importance of
measuring physical and chemical soil parameters
when studying soil organism interactions and their
influence on plant performance.
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Introduction

Belowground biotic interactions are known to influ-
ence soil fertility and plant growth by changing soil
nutrient cycling and the physical environment (Wardle
2002). Belowground communities include a large
variety of organisms showing highly complex inter-
actions across trophic or non-trophic groups (Coleman
2008). Among the great diversity of soil biota, earth-
worms, arbuscular mycorrhizal fungi (AMF) and plant
roots are key components (Six et al. 2002). However,
their interacting effects on soil properties are still
poorly understood.

Root networks enhance soil porosity as well as soil
aggregation through direct entanglement of particles
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and/or secretion of mucilages that help adhere
particles together (Six et al. 2004; Tisdall and Oades
1982). As a result of these root-induced changes in
soil structure, plant growth may be affected (Angers
and Caron 1998).

AMF-plant symbiosis is based on the reciprocal
transfer of plant-derived carbon to the fungus and
soil-derived nutrients from the fungus to the plant
(Smith and Read 1997). For plants, this symbiosis is
particularly important in soils with a low nutrient
content (Marschner and Dell 1994; Smith et al. 2004).
In particular, it has been demonstrated in pot experi-
ments that association with AMF, considered as an
extension of the root network, leads to increased plant
uptake of inorganic nitrogen (Hawkins et al. 2000)
and available phosphorus (P,) (Jakobsen et al. 1992).
Moreover, AMF influence soil aggregation and,
consequently, soil structure stability by binding and
enmeshing soil particles into larger aggregates (see
Rillig and Mummey 2006 for a review).

Earthworms are also major components of the soil
system. Their activities influence soil properties and
plant production through numerous ways (Brown et al.
2004). For example, earthworms may disperse AMF
spores by soil ingestion or by transporting them attached
to their cuticles. Moreover, when burrowing, earth-
worms may affect the development of the mycelium by
grazing and therefore by disrupting the contact of the
external hyphae from the roots. Direct grazing of AMF
may either be deleterious by reducing the fungal
biomass or advantageous by stimulating fungal growth
due to an enhanced organic matter mineralization caused
by fauna (Ortiz-Ceballos et al. 2007). In parallel,
earthworms influence plant growth physically by
changing the structure of the soil. Burrowing and casting
activities are known to affect soil porosity and aggregate
size distribution, stability, aeration and hydraulic con-
ductivity (Edwards and Bohlen 1996; Shipitalo and
Protz 1989). Finally, earthworms influence plant
growth by changing the spatiotemporal availability of
nutrients — mainly phosphorus (Le Bayon and Binet
2006), nitrogen (Devleeschauwer and Lal 1981) and
carbon (Guggenberger et al. 1996) — in their casts and
burrow walls.

Very few studies have focused on the combined
effects of plants, AMF and earthworms, and most of
these were devoted to plant biomass measurement. In
two different studies (Tuffen et al. 2002; Wurst et al.
2004), earthworms enhanced plant growth while
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mycorrhizae either reduced root biomass or had no
effect. Therefore, very little information is available
concerning the effects of plant roots, AMF and
earthworms as well as their interactions on soil
chemical and/or physical parameters that influence
soil fertility and plant growth.

The main aims of this study were to assess
separately and in combination the effects of earth-
worms (Allolobophora chlorotica, Savigny), AMF
(Glomus intraradices, Schenk & Smith) and plant
roots (Allium porrum, L.) on soil structure and
available nutrient concentration in the bulk soil, the
rhizosphere soil (the part of the soil influenced by
roots) and the drilosphere soil (the part of the soil
influenced by earthworm secretions and castings).
The interacting effects of earthworms and AMF on
plant growth were in turn investigated. Finally, the
influence of time on these interactions was tested
with three different experiment durations. This study
was conducted in a climate chamber and without
phosphorus addition in order to promote the symbi-
osis between AMF and plants.

The choice of the different components of our
study was motivated by several reasons. Regarding
the leek plant, previous studies showed a positive
response to AMF inoculation in agricultural soils and
in pot experiment (Sorensen et al. 2005, 2008) and it
has been a model plant for different soil fauna
interaction studies with mycorrhiza (Tuffen et al.
2002; Warnock et al. 1982). The fungus Glomus
intraradices is widely used for laboratory studies and
commonly found in the soil environment. Finally,
Allolobophora chlorotica was selected due to its
behaviour as an endogeic species (i.e. they feed on
soil organic matter, live mainly near plant roots and
burrow horizontally and vertically within the soil) and
thus its interaction with the root and fungal network.

Our working hypotheses were that earthworms,
AMF and plant roots would show individual and
interacting effects. We suppose that AMF would
enhance P uptake by the plant roots and that
earthworms would improve soil structure and poros-
ity. By co-occurring in the soil media, we suppose
that these organisms would show synergistic effects
and improve soil fertility that in turn would influence
the aboveground system by increasing plant produc-
tion. The effects of these organisms were thought
to vary temporally and to be dependent of soil
compartments.
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Materials and methods
Experimental setup

Before the experiment, the organo-mineral horizon of
an Anthrosol (ISSS 1998) was collected at the
botanical garden of Neuchatel (Switzerland). This is
a loamy soil (45.3% sand, 28.0% silt and 26.7% clay),
containing 20.7% carbonates and showing a pHgc; of
7.8. The soil contained 521 pug g~ total phosphorus
(P), of which 32.2 pg g ' were in available forms
(mainly H,PO, and HPO427). The soil was air-dried,
sieved (2 mm) and stored at 20°C.

A compartmental microcosm design was set up. It
consisted of a PVC tube (35 cm height and 15 cm
internal diameter) separated into two equal parts by a
nylon mesh (25 um, ©OSEFAR, Switzerland). Each
side of the microcosm was filled with six successive
5 cm thick layers of soil remoistened at 22% water
content. In order to eliminate AMF from the soil,
microcosms were first sterilized with <y-irradiation
(between 42 and 82 kGy; Studer Hard, Dénikon,
Switzerland) and stored at 4°C (McNamara et al.
2003). A 20 ml soil suspension (100 g of soil
dispersed in 1,000 ml of autoclaved distilled H,O
and filtered on 11 pm paper) was then added to re-
inoculate the sterilized soil with microorganisms, but
without AMF (Koide and Li 1989).

We defined eight treatments representing all
possible combinations of the presence/absence of
the three following factors: (1) three leek plantlets
(L): Allium porrum var. Mercure, 18 days old, sown
in sterilized conditions, (2) AMF inoculum (A): 30 g
of culture sand substrate mixed with Glomus intra-
radices spores and hyphae (the treatments without
AMF received 30 g of a sterilized inoculum,
autoclaved at 121°C over 1 h and gamma-irradiated)
and (3) 5 endogeic earthworms (E): Allolobophora
chlorotica of equal size and total biomass of 1.3 g
(0.1 g). Earthworms were previously hand-collect-
ed in the botanical garden of Neuchatel (Switzer-
land) using the hot mustard extraction technique
(Lawrence and Bowers 2002), and were relieved of
their gut contents before their introduction into the
microcosm. The nylon mesh, separating the micro-
cosm into two parts, retains the roots but allows
hyphae to pass through. Therefore our compartmen-
tal design permitted to separate the individual effect
of AMF from the root effect.

The three factors were allocated to the micro-
cosms in two steps. First, leek plants were
attributed randomly on one side of each micro-
cosm. Therefore, each microcosm contained both
levels of the plant factor (absence/presence). Then,
the four possible combinations of mycorrhiza and
earthworm factors (A, E, A+E and Control) were
randomly allocated to the microcosms. For the
microcosms receiving the AMF treatment, 30 g of
inoculum was added before introducing the leek
plantlets in one side of each microcosm. However,
the AMF could colonize both sides by passing
through the nylon mesh. For the microcosms
receiving the earthworm treatment, groups of five
earthworms of equal biomass were prepared and
added to both sides of the microcosms. This
corresponds to a high density of 650 individuals
per square metre or 150 g m > which is respec-
tively around 2.3 times or 1.5 times higher than in a
maize crop according to Le Bayon and Binet (1999).
A fourth factor, time of harvest (¢), was considered in
order to take time variation into account. Complete
destruction of the microcosm was performed after 5,
15 or 35 weeks. These three time points combined
with the eight treatments gave 24 treatments utilizing
12 microcosms (two treatments per microcosm, see
above). Each treatment was replicated six times
resulting in a total of 72 microcosms.

All microcosms were kept in a climate chamber
(Normoflex, KR 11C/200S10, Schaller Uto AG,
Bern, Switzerland) under the following conditions:
photoperiod 16/8 h (day/night), temperature 18+2°C
and 50% humidity. Microcosms, randomly redis-
played in the climate chamber every week, were
watered twice a week using a modified Hoagland’s
nutrient solution without P in order to promote the
AMF-plant symbiosis. Every 3 weeks, each micro-
cosm was adjusted to equal soil water content with
deionised water by weighing.

Harvesting and measurements

After 5, 15 or 35 weeks, leek shoots were cut at
ground level, pooled, weighed and air-dried. Three
different soil compartments were removed from the
microcosms: (1) rhizosphere soil (RS), still adhering
to the roots after gentle shaking, was collected by
rubbing roots carefully on a 2 mm mesh sieve; (2)
drilosphere soil (DS) was obtained by sampling
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faeces and the few millimetres-thick layer around the
earthworm burrows; (3) the remaining Bulk Soil (BS)
was thoroughly mixed. Soil samples were air-dried
before analyses were performed. For BS, 10 g of fresh
soil were frozen for the measurement of soil water
stability and hyphal length density (see below). After
rhizosphere soil collection, roots were carefully
washed, mixed, weighed and stored at 4°C in a
lactoglycerol-mix made-up of lactic acid/glycerol/
deionised water (1:1:1). Earthworms were hand-
collected, counted and weighed.

Mycorrhizae analysis

To measure AMF root infection, roots were first
cleared in 10% KOH, acidified in 1% HCI and stained
in 0.05% Trypan blue in lactoglycerol. The AMF
colonisation was determined on three root samples at
250% magnification using a modified line intersect
method (McGonigle et al. 1990). Moreover, hyphal
length density (HLD) was determined by using an
aqueous extraction and a membrane filter technique
modified after Jakobsen et al. (1992). Briefly, three
replicates of a 4 g soil sample were first dispersed in a
sodiumhexametaphosphate solution (35 g I'') and
shaken for 30 s (end-over-end). After 30 min, the
suspension was decanted quantitatively through a
40 pm sieve to retain hyphae, roots and organic
matter, transferred with 200 ml of deionised water
into a 250 ml flask and shaken vigorously by hand for
5 's. After 1 min, 4x1 ml aliquots (10 s interval) were
taken and pipetted onto Millipore RAWG02500
membranes (Millipore, Bedford, MA, USA). The
filter was finally stained in 0.05% Trypan Blue.
HLD was estimated with a gridline intersect method
at 250x magnification (Newman 1966).

Physical analysis

The water-stable soil macroaggregates in the 1—
2 mm size class (WSA|, mm) Were determined
using the wet-sieving apparatus (Kemper and Rose-
nau 1986). A 250 pum sieve was filled with a 4 g
sample of 1-2 mm air-dried aggregates. The samples
were then moistened by capillarity with deionised
water for 10 min and wet-sieved 10 min more with a
stroke length of 19 min~'. The WSA corresponded to
the amount of macroaggregates (>250 pm) remain-
ing on the sieve and was expressed as a percentage
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of the total initial mass of soil after correction for the
weight of coarse particles (>0.25 mm).

Chemical analysis

After Kjeldahl oxidation, total P concentration was
determined colorimetrically at 880 nm using the
molybdate procedure (Murphy and Riley 1962) on
2 g of pulverised shoots. Soil samples were mea-
sured for available phosphorus forms according to
Olsen et al. (1954). Available P (P,) was extracted
from subsamples of 2 g of soil with sodium
bicarbonate NaHCO; (0.5 N, pH 8.5) and deter-
mined at 880 nm using the Murphy and Riley
method (see above).

Total nitrogen (N) and carbon (C) were measured
using a CHN-analyser (CHN EA1108-Elemental
analyser, Carlo Erba Instruments) on 2 mg of
pulverised shoots or on 10 mg of the three soil
compartments — BS, RS and DS.

Statistical analysis

All the statistical analyses were performed with R
2.6.0 (R Development Core Team 2007). For
variables with only one measurement per microcosm
(shoot and root weights and AMF root colonization),
two or three-way ANOVAs were performed with
earthworms (E), time of harvest (¢) and/or AMF (4)
as factors. Tukey HSD tests were performed for
multiple comparisons between treatments. When
both sides of the microcosm or soil compartments
were concerned, partly nested ANOVAs were
performed in order to take into account the fact
that many samples were in the same microcosm.
In this case, leek or soil compartments were
considered to be nested within the microcosm.
Consequently, the ANOVA model contained earth-
worms, AMF and time of harvest as between-
microcosms factors and leek or soil compartments
as within-microcosms factors.

Results
Soil biota responses

Throughout the entire experiment, no AMF coloniza-
tion of roots was found in non-AMF-treated samples.
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The interaction earthworm (E) x time (f) had a
significant effect on the percentage of root coloniza-
tion by AMF (4) (£, 36=3.54, P=0.04). After 5 weeks
without earthworm, 69.7% (SE=6.4%) of roots were
colonized by AMF, whereas only 54.0% (SE=3.7%)
of roots were colonized when earthworms were
present in the microcosm. At the end of the
experiment this difference decreased to 61.5% (SE=
2.5%) and 58.3% (SE=2.9%) root colonisation
without and with earthworms, respectively.

The hyphal length density (HLD) differed among
treatments. The HLD was significantly higher in the
side of the microcosm containing leek roots (L) than in
the side with the hyphal network separated from the
leek roots [mean HLD with L, 2.0 m g ' soil (SE=
0.1 m g ' soil), mean HLD without L, 1.8 m g soil
(SE=0.1 m g " soil); F} 7,=5.02, P=0.03].

There was a significant time effect on the total
number of earthworms (F,7,=14.99, P<0.001). The
mean individual number of earthworms per micro-
cosm side was 3.9 (SE=0.3) after 5 weeks, 5.5 (SE=
0.6) after 15 weeks and 14.0 (SE=2.6) after 35 weeks.
The mean weight of all earthworms present in each
side of the microcosms after 5 weeks was 1.2 g (SE=
0.1 g) in each side of microcosm. This mean weight
significantly increased with time (F,7,=3.69, P=
0.04). After 35 weeks, the mean weight of the
earthworms reached 1.7 g (SE=0.2 g). In addition,
the presence of the leek negatively affected earth-
worm biomass (mean E biomass with L, 1.1+0.2 g;
mean E biomass without L, 1.7£0.3 g; F; 72=15.9,
P<0.001). The interaction Lx¢ also showed a signif-
icant effect on the earthworm mean weight (F, 7=
3.80, P=0.03).

Physical analysis

Earthworms, leeks and time showed a highly signif-
icant effect on the percentage of water-stable macro-
aggregates in the 1-2 mm size class (WSA 1> mm)
(Table 1). With earthworms, the percentage of
WSA |, .m Was significantly lower (25.8+£1.0%)
than without earthworms (31.6+1.1%) (Fig. 1). On
the contrary, this percentage was significantly higher
with leek roots (31.3+£1.2%) than without leek (26.2+
0.9%). The interactions Ex¢, Lx¢ and LxA4 were also
significant. AMF and leek together enhanced the
percentage of water stable macroaggregates compared
to leek alone (Fig. 2a).

Chemical analyses

AMF, leek and time significantly affected the
amount of available P (P,) in the bulk soil (Table 1).
Available P in the bulk soil was significantly lower
when AMF and leek were added (Fig. 3a). The LxA4
interaction was also significant. Available P was
lower when both AMF and leek were present in the
microcosm (Fig. 2b). Moreover, the interactions 4 x¢
and Lx¢ showed a significant effect on P, in the BS
samples. No significant main effects were observed
for the total N content in the bulk soil (Fig. 3b).
However, the ExA interaction was significant.
Without earthworms, the total N amount in BS was
lower with AMF compared with the non-AMF
treatment, whereas with earthworms, total N content
was higher with AMF (Fig. 2c). Total C showed
similar pattern than total N (Figs. 2d and 3c).
Moreover, total C in the BS was significantly
affected by time and the interactions Ex¢ and AXx¢
(Table 1). Contrary to P,, the presence of leek had no
effect on the amounts of C and N in the bulk soil.

Because of a lack of sufficient RS and DS soil
material after 5 weeks, analyses on the differences
between soil compartments were only made on
data sets collected at 15 and 35 weeks. Available
P, total N and total C were significantly different
between the soil compartments (Table 2). Drilo-
sphere soil contained more P, and total N and less
total C compared to rhizosphere and bulk soil
(Fig. 4). As in the bulk soil analysis, time, AMF
and their interaction had a significant effect on P,.
Available P was lower with AMF (39.8+1.0 pg g™ ')
compared with non-AMF treatment (47.3+0.6 nug
g ') (Fig. 4a). No effect of AMF was observed on
total C and N (Fig. 4b,c).

Earthworm and AMF contribution to leek biomass
and leek nitrogen and phosphorus content

Total fresh root biomass varied significantly with
AMF and time (Table 3). The interactions 4x¢ and
ExA also significantly affected root biomass. The
presence of earthworms had a positive effect on root
weight without AMF, whereas with AMF this effect
was negative (Fig. 2e). After 35 weeks, the fresh root
weight was greater with AMF treatment, intermediate
with earthworm treatment and minimal with leek
alone. AMF, time and their interaction had a
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Table 1 Partly nested ANOVA showing the effect of earthworms, AMF, leek and time on the percentage of water stable
macroaggregates (WSA| > mm), available P (ug g ') and total carbon and nitrogen content (mg g ') in the bulk soil

Bulk soil analysis df Physical parameters Chemical parameters
WSA| 5 mm Available P Carbon content Nitrogen content
F P F P F P F P
Between microcosms
E 1 25.30 o 1.83 ns 0.74 ns 2.04 ns
A 1 1.70 ns 81.71 Hkok 1.25 ns 1.51 ns
t 2 16.72 Hokok 4.37 * 9.45 oAk 0.59 ns
ExA 1 2.69 ns 0.63 ns 9.1 *x 8.72 ok
Ext 2 11.88 otk 1.61 ns 11.18 otk 1.63 ns
Axt 2 0.47 ns 10.08 otk 5.55 ok 1.47 ns
Residuals (MS) 62 47.75 6.76 0.08 1.14x1073
Within microcosms
L 1 28.49 okok 40.78 okok 1.65 ns 0.76 ns
ExL 1 1.07 ns 0.85 ns 1.08 ns 0.04 ns
AXL 1 4.64 * 6.69 * 1.25 ns 1.34 ns
Lxt 2 30.91 otk 24.44 otk 1.56 ns 1.18 ns
Residuals (MS) 67 32.70 6.84 0.06 0.30x1073

E Earthworms, 4 AMF, L leek plants, ¢ time of harvest, df degrees of freedom, MS mean square, ns not significant

*P<0.05, **P<0.01, ***P<0.001

significant effect on total fresh shoot weight. After
35 weeks and in the presence of AMF, fresh shoots
were more than three times heavier than without
mycorrhizal symbiosis. In the shoots, AMF treatment
had a significant positive effect on total P and N
concentration. The total P and N concentration
decreased significantly with time. AMF and time
had a significant effect on the N/P ratio (Table 3).
This ratio was approximately two times lower when
leeks were inoculated with AMF, both after 15 and
35 weeks.

Discussion

Root, earthworm and mycorrhiza contribution
to the soil structuring processes

In the present study, plant roots and earthworms
showed significant but different effects on water-
stable aggregation. The macroaggregates (i.e. aggre-
gates >250 pm measured in the 1-2 mm size class)
were more stable with plants, indicating a beneficial
root effect that was likely due to root exudates
(mucilages) acting like cement on particles or direct
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root enmeshment of fine particles into stable
macroaggregates (Tisdall and Oades 1982). In
contrast, macroaggregates were less stable with
earthworms. Previous studies demonstrated that
fresh casts are less stable than the surrounding soil,

40 -
35 1

WSA1-2mm (o/o)
— — N N w
o (63} o

o o1 O O

-E +E A +A -L +L  5w15w 35w
Fig. 1 Main effects of the presence of earthworms (E,
Allolobophora chlorotica), AMF (A, Glomus intraradices),
leek (L, Allium porrum) and time of harvest with complete
destruction of microcosms after 5, 15 and 35 weeks (5 w, 15 w,
35 w) on the percentage of water-stable macroaggregates in the

1-2 mm size class (WSA; ; nm). Bar represents mean+SE
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Fig. 2 Plot of the significant interactions of AMF (A, Glomus
intraradices) and leek (L, Allium porrum) on a the percentage
of water stable macroaggregates in the 1-2 mm size class
(WSA{ 3 mm) and b available P in the bulk soil and the

but become more stable after aging and drying
(Shipitalo and Protz 1989). In our long-term exper-
iment (35 weeks), earthworms occupied almost all the
soil column volume. They may have rearranged the
soil particles and their fresh faeces, combined with
frequent watering, caused the soil to be less stable
compared to microcosms without earthworm. Earth-
worms may also have changed the aggregate size
distribution by either diminishing soil macroaggre-
gates and/or increasing soil microaggregates during
particle ingestion. For tropical earthworms, Blanchart
et al. (2004) described compacting and decompacting
species. In complex and highly diverse systems such
as the soil, this may reflect the importance of studying
many ecological categories of earthworms interacting
with each other and other soil biota. Future researches
that focus on microaggregate stability (Six et al. 2004)
or shrinkage analysis (Boivin et al. 2006) would be
useful to better understand the system and the role of
earthworms, as well as all other soil fauna, on soil
structure.

Compared to plant and earthworm treatments,
AMF treatment showed no significant effect on
water-stable macroaggregates. This is in contradic-
tion with previous studies that showed improved soil

significant interactions between AMF (A, Glomus intraradices)
and earthworms (E, Allolobophora chlorotica) on ¢ N content
(mg g ") in the bulk soil, d C content (mg g ') in the bulk soil
and e root biomass (g fresh wt)

stability with AM fungi colonization due, for
example, to glomalin-related soil protein (GRSP)
(Rillig et al. 2002). As previously explained with
earthworms, AMF may have modified the aggregate
size distribution of soil and enhanced soil micro-
aggregates that were not measured here (Rillig, pers.
comm.). However, working with similar compart-
mental systems, Andrade et al. (1998) showed
analogous results: the percentage of water-stable
aggregates was higher in the AMF+plant treatment,
lower in the control and intermediate in the AMF or
plant single treatments. Moreover, we demonstrated
a significant interaction between AMF and plant. In
interaction with leek roots, the external hyphae
improve the percentage of water-stable macroaggre-
gates, which demonstrate a beneficial effect of the
mycorrhizal-plant association. Thus, we suggest that
the combination of root exudates, glomalin secretion
from AMF and the enmeshing role of both roots and
fungi greater improved soil stability instead of AMF
alone. This is in accordance with previous studies of
Piotrowski et al. (2004) and Schreiner et al. (1997)
who showed that the effect of AMF on soil
aggregation depends on the interaction between
plant and fungal species.
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Fig. 3 Main effects of earthworms (E, Allolobophora chlorotica),
AMF (A, Glomus intraradices), leek (L, Allium porrum) and
time of harvest with complete destruction of microcosms after
5,15 and 35 weeks (5 w, 15 w, 35 w) on a available P (ug g ),
b total N content (mg g ') in the bulk soil and ¢ total C content
(mg g ") in the bulk soil. Bar represents mean=SE

Mycorrhiza, plant root and earthworm contributions
to nutrient availability and consequences on leek
biomass

Overall, we observed a significant positive effect of
AMF and leek roots on nutrient availability, which
improved plant biomass. When grown with AMF,
plant shoots and roots were heavier and soil P, levels
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were lower. Despite studies showing different
responses of plant growth with AMF inoculations
(Smith et al. 2004; van der Heijden et al. 2006), our
experiment confirmed that under P limitation, AMF
enhanced significantly plant growth through nutrient
acquisition, particularly through the available P in the
soil (Marschner and Dell 1994).

In contrast to AMF and contrarily to our expect-
ations, earthworms showed no main significant effect
on nutrient availability and plant biomass. These
results contradict previous studies that aimed at
determining mycorrhizae—earthworm interactions
(Tuffen et al. 2002; Wurst et al. 2004). In particular,
Waurst et al. (2004) pointed out a negative effect of
mycorrhizae on root biomass of Plantago lanceolata
after a 10-week experiment but no earthworm effect.
Moreover, they showed that AMF had no effect and
earthworms a positive effect on shoot biomass.
Design characteristics could explain these differences.
Comparing to Wurst et al. (2004), the duration of our
experiment was three times longer and we studied
different earthworm and plant species. It has also been
shown that AMF influence on plant growth is plant
species dependent and that AMF present a great

Table 2 Partly nested ANOVA showing the effects of AMF,
time and soil compartment on available P (ug g '), and carbon
and nitrogen content (mg g ')

df Available P Carbon Nitrogen
content content
F P F P F P
Between microcosms
A 1 56.87 *** 0.38 ns 0.01 ns
t 1 28.92 *** 17.00 *** 150 ns
Axt 1 735 * 0.92 ns 0.17 ns
Residuals 20 17.62 0.02 0.53x10°°
(MS)
Within microcosms
sc 2 10.38 *** 16,11 *** 417 *
scxA 2 0.59 ns 0.41 ns 1.87 ns
scxt 2 6.58 ** 1.70 ns 0.72 ns
Residuals 42 9.26 0.05 0.56x10
(MS)

A AMEF, t time of harvest, sc¢ soil compartment (bulk soil,
rhizosphere, or drilosphere soil), df degrees of freedom, MS
mean square, ns not significant

*P<0.05, **P<0.01, ***P<0.001
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Fig. 4 Main effects of AMF (A, Glomus intraradices), soil
compartment (BS bulk soil, DS drilosphere soil, RS rhizo-
sphere soil), and time of harvest with complete destruction of
microcosms after 15 and 35 weeks (/5 w, 35 w) on a available
P (ug g "), b total nitrogen content (mg g~ ') and ¢ total carbon
content (mg g '). DS and RS samples after 5 weeks were not
available. Bar represents mean+SE

variety of strategies for P acquisition (Jansa et al.
2005; van der Heijden et al. 1998). Moreover,
different earthworm species or ecological categories
may variously influence AMF species and plant
growth (Brown et al. 2004; Wardle 2002). However,
these contradicting results could also highlight that
key organisms may be different depending on the
nutrient status of the soil, in particular N or P
concentration. The plant shoot N/P ratio is generally

used to indicate which nutrient limits plant growth.
Koerselman and Meuleman (1996) demonstrated
that a N/P ratio higher than 16 indicates a P
limitation whereas a N/P ratio lower than 14 shows
that N is limiting. In our study, we observed a clear P
limitation for plants grown without AMF (mean N/P
ratio=22.6; SE=1.2). In contrast, the N/P ratio
evaluated from the paper of Wurst et al. (2004)
seems strongly lower that 14 indicating N limitation.
We suggest that in P limited conditions, AMF have
dominant effects by improving plant phosphorus
uptake, whereas in N limited conditions, earthworms
can play a major role by enhancing N mineralization
(Scheu 1994).

In addition, earthworms interacted significantly
with AMF for total C and N soil content. Total C
and N were lower in the soil when earthworms
were present in the absence of AMF. Scheu (1994)
showed that earthworms may enhance N mineraliza-
tion in the soil thus increasing N uptake and
therefore plant growth. We suppose that roots
accumulated those mineralized N form, which may
explain the lower N content in the bulk soil with
earthworms, despite no positive effect of earthworms
on total N in the shoots. On the contrary, we
measured more total N when both earthworm and
AMF were present in the microcosms. It has been
previously described by Hawkins et al. (2000) that
AMF are able to uptake and transport inorganic N.
The analysis made on the bulk soil also contained
the hyphal network that cannot be separated.
Therefore, we suppose that the higher N content in
the bulk soil may be explained by the presence of the
hyphal network in the sample. Furthermore, N
previously mineralized by earthworms could have
been accumulated in the mycorrhizal hyphae.

The significant interactions between AMF and
earthworms on total root biomass showed that the
presence of earthworms reduced the positive effect
of AMF on root biomass. Previous work on the
interaction between AMF and Collembola showed
that these Insects may reduce plant biomass by
grazing on hyphae and spores of AMF (Endlweber
and Scheu 2007; Warnock et al. 1982). Despite no
effect on hyphal length density, earthworms may
have disrupted and disconnected the external hyphae
from the plant. The beneficial AMF effect that we
observed in our experiment was reduced and
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Table 3 Mean values (+SE) of total root biomass (g fresh wt), total shoot biomass (g fresh wt), total P (mg g '), total nitrogen (N)
(mg g ") and N/P ratio in shoots and fresh root weight (g) after each time of harvest (5, 15 or 35 weeks)

Time of harvest E M Root Shoot
Root biomass Shoot biomass Total P Total N N/P ratio
5 weeks + - 0.42 (0.14)%f 0.82 (0.14)¢ na na na
- + 0.43 (0.26)%F 2.12 (1.14)° na na na
+ + 0.40 (0.07)%* 2.04 (0.27)¢ na na na
- - 0.21 (0.06)" 0.67 (0.14)¢ na na na
15 weeks + - 5.12 (1.12)%f 8.83 (1.19)¢ 1.39 (0.11)° 3527 (2.31)° 25.76 (1.56)°
- + 13.37 (0.79)% 47.12 2.67)° 2.92 (0.08) 36.87 (1.46)° 12.63 (0.27)"
+ + 14.01 (1.06) 53.79 (1.67)° 3.09 (0.06)* 38.27 (0.87) 12.45 (0.44)"
- - 4.89 (1.13)%f 8.80 (1.13)¢ 1.50 (0.24)° 33.93 (2.18)° 24.49 (2.90)
35 weeks + - 46.67 (4.93)" 59.92 (4.82)° 0.74 (0.04)¢ 15.69 (2.29)° 21.02 (2.36)°
- + 72.88 (4.06)° 232.33 (11.85)* 2.04 (0.12)° 20.39 (0.93)° 10.04 (0.23)°
+ + 53.58 (5.55)° 207.44 (11.85)° 2.01 (0.23)° 22.28 (2.59)° 11.16 (0.69)°
- - 39.23 (3.58)° 61.99 (4.37)° 0.62 (0.03)* 12.01 (1.41)° 19.07 (1.61)®
ANOVA P value
E 0.30 0.27 0.70 0.12 0.35
A <0.001 <0.001 <0.001 <0.001 <0.001
t <0.001 <0.001 <0.001 <0.001 <0.01
ExA 0.01 0.37 0.75 0.74 0.61
Ext 0.25 0.06 0.93 0.59 0.65
Axt <0.001 <0.001 0.27 0.09 0.16

Total P, total N and N/P ratio data after 5 weeks not available. Different letters of superscript mean a significant difference at P<0.05

in the same column (Tukey HSD). E Earthworm, 4 AMF, ¢ time of harvest

therefore the root biomass was lower when both
earthworms and AMF were present.

As described by several authors, the amount of
nutrients was significantly different between the three
soil compartments. In accordance with the study of
Decaens et al. (1999), drilosphere soil (DS) contained
more total N but less total C than the bulk soil.
According to the results of Le Bayon and Binet
(2006), we measured a higher P availability in the DS
compared to the bulk soil. However, despite the
presence of higher amounts of P and N in the DS,
shoot or root biomass was not enhanced when no
AMF was added. We suggest that the nutrients
contained in the DS may be potentially temporarily
stored in burrow walls acting thus as a sink of
elements. Another hypothesis is that nutrients are not
directly accessible to roots due to either a low amount
of available nutrient forms or to a low number of
macropores accessible to leek roots. The significant
negative effect of AMF on P availability in the DS
would therefore confirm the extensive role of the
mycelium network system that may colonize the

@ Springer

drilosphere compartment, thus providing a nutrient
resource.

Conclusion

Under P limitation, our study demonstrated that
earthworms and AMF differently affected soil
parameters and plant growth. We principally ob-
served an effect of earthworms on soil physical
properties, of AMF on chemical properties and of
plant roots on both physical and chemical proper-
ties. In contrast with previous studies that mainly
focused on plant performance or plant nutrient
uptake (Ortiz-Ceballos et al. 2007; Smith et al.
2004; Sorensen et al. 2008), we also performed soil
parameter measurements. By measuring those param-
eters we were able to highlight the importance of
physical and chemical soil properties to better
understand interactions between soil organisms and
to interpret contradicting or unexpected results. When
studying belowground biotic interactions, future pros-
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pects should therefore better take into account
chemical and physical soil parameters.
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