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Impact of defoliation intensities on plant biomass, nutrient
uptake and arbuscular mycorrhizal symbiosis in Lotus tenuis
growing in a saline-sodic soil
I. Garcı́a & R. Mendoza
Museo Argentino de Ciencias Naturales ‘Bernardino Rivadavia’, Buenos Aires, Argentina

INTRODUCTION

Plant response to defoliation depends on the intensity and
frequency of removal of aboveground biomass, plant species,
growing stage and particular environmental conditions, such
as the availability of nutrients in soil to sustain shoot
regrowth (Paige 1992; Crawley 1997). Reduced root growth
after defoliation is linked to the loss of photosynthetic tissue
(Davidson & Milthorpe 1966). Plant C balance is modified in
such a way that plant C is preferentially allocated to shoots
as a physiological adjustment in order to recover the leaf area
lost (Gill 2007). Therefore, factors that influence the photo-
synthetic capacity of plants may affect the arbuscular mycor-
rhizal (AM) symbiosis (Benthlenfalvay & Dakessian 1984;
Allsopp 1998; Barto & Rilling 2010). AM fungi are obligate
biotrophs that live symbiotically in the roots of the majority
of terrestrial plants. They are involved in taking up and
transporting phosphate and other nutrients from the soil to
plant roots and, in return, the plant provides the photosyn-
thetically fixed C to its fungal partner (Smith & Read 2008).
Root mass affected by defoliation is associated with a mobili-
sation of nutrients from necrotic roots for the shoot regrowth
(Ourry et al. 1994; Allsopp 1998). Alternatively, arbuscular
mycorrhiza may play an important role in maintaining phos-
phorus (P) uptake despite loss of root tissue.

The effects of defoliation on roots colonised by AM fungi
has yielded controversial results. Some studies showed that
defoliation can either positively (Eom et al. 2001; Hokka et al.
2004; Kula et al. 2005), negatively (Gehring & Whithan 1994;
Allsopp 1998) or have no effect on AM root colonisation
(Walling & Zabinski 2006). The effect of clipping Bromus iner-
mis on AM root colonisation was dependent on which AM
fungal species were associated with the plant, and which
mycorrhizal structure was assessed (Klironomos et al. 2004).
In this study, intraradical hyphae and arbuscular colonisation
were negatively affected by clipping, whereas the production
of vesicles in roots and spores in soil was stimulated, albeit to
different degrees in different AM fungal species (Klironomos
et al. 2004). On the other hand, a field study in roots of
browsed Polylepis trees present in areas with high livestock
density showed an increase in AM fungal spore density in soil,
a lower proportion of arbuscules and a higher proportion of
intraradical hyphae, while the proportion of vesicles and the
total lengths of colonised roots did not differ between areas of
high and low livestock density (Menoyo et al. 2009).

Defoliation that may impact plant growth, AM fungal sym-
biosis and nutrient cycling is an important factor because the
capacity of a forage plant to regrowth after clipping may
reflect the ability of this species to grow after grazing in the
field. Most of the effects of defoliation on plant–AM fungal
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ABSTRACT

The impact of different defoliation intensities on the ability of Lotus tenuis plants
to regrowth, mobilise nutrients and to associate with native AM fungi and Rhizo-
bium in a saline-sodic soil was investigated. After 70 days, plants were subjected to
0, 25, 50, 75 and 100% defoliation and shoot regrowth was assessed at the end of
subsequent 35 days. Compared to non-defoliated plants, low or moderate defolia-
tion up to 75% did not affect shoot regrowth. However, 100% treatment affected
shoot regrowth and the clipped plants were not able to compensate the growth
attained by non-defoliated plants. Root growth was more affected by defoliation
than shoot growth. P and N concentrations in shoots and roots increased with
increasing defoliation while Na+ concentration in shoots of non-defoliated and
moderately defoliated plants was similar. Non-defoliated and moderately defoliated
plants prevented increases of Na+ concentration in shoots through both reducing
Na+ uptake and Na+ transport to shoots by accumulating Na+ in roots. At high
defoliation, the salinity tolerance mechanism is altered and Na+ concentration in
shoots was higher than in roots. Reduction in the photosynthetic capacity induced
by defoliation neither changed the root length colonised by AM fungi nor arbuscu-
lar colonisation but decreased the vesicular colonisation. Spore density did not
change, but hyphal density and Rhizobium nodules increased with defoliation. The
strategy of the AM symbiont consists in investing most of the C resources to prefer-
entially retain arbuscular colonisation as well as inoculum density in the soil.

Plant Biology ISSN 1435-8603

964 Plant Biology 14 (2012) 964–971 ª 2012 German Botanical Society and The Royal Botanical Society of the Netherlands



symbiosis have been studied in grasses, but few studies have
included legumes as host plants.

Lotus tenuis Waldst. & Kit. is a glycophytic naturalised
legume much appreciated by farmers because it produces
highly nutritive forage for livestock in nutrient-deficient soils
(Hidalgo & Cauhépé 1991; Blumenthal & McGraw 1999; Men-
doza 2001) and saline-sodic and heavy soils, typically present
in lowland grasslands of the Flooding Pampas (Garcı́a & Men-
doza 2008). However, there are few reports relating the effects
of defoliation (intensity and frequency) with the growth of
L. tenuis. It has been reported that 60% and 85% defoliation
intensities did not alter shoot biomass of adult plants grown
in a glasshouse (Striker et al. 2011) or under field conditions
(Vignolio et al. 2006), respectively. The clipping method dif-
fered between these two studies: in the glasshouse experiment,
plants were clipped 4 cm above the soil surface, whereas in the
field experiment the defoliation was performed leaving a
radius of 6 cm of shoot from the centre of the plant, leaving
some entire stems from which plants could regrow.

Because L. tenuis depends on mycorrhizal symbiosis to
grow at low P availability in the soil (Mendoza & Pagani
1997), and a high percentage of root length is colonised at
different field sites (Escudero & Mendoza 2005; Garcı́a &
Mendoza 2008), it is interesting to investigate L. tenuis
responses to a wide range of defoliation intensities, how P
and N are mobilised within the plant, and the association
with native arbuscular mycorrhizae and Rhizobium bacteria
in a saline-sodic soil environment. We aimed to test the fol-
lowing hypotheses: (i) L. tenuis compensates for shoot bio-
mass removed at low to moderate defoliation intensities;
however, plants are not able to compensate shoot biomass
clipped at intense defoliations. We predict a lower regrowth
under intense defoliation as a result of a drastic reduction of
root growth and the adverse saline-sodic environment. (ii)
The AM fungal strategy in response to defoliation is to
reduce the nutrient transfer structures (arbuscules), the num-
ber of entry points and hyphal density in soil, but increase
the resistance structures (vesicles) and spore density in soil
under a higher defoliation intensity.

MATERIALS AND METHODS

Experimental set up

Soil samples were taken from the top 10-cm layer from a
natural grassland located in San Vicente, Province of Buenos
Aires (Argentina) in autumn. In this season, the plant com-
munity is dominated by L. tenuis, Stenotaphrum secundatum
(Walt.) O.K., Lolium multiflorum Lam. and Paspalum dilata-
tum Poir. The soil site was classified as Typic Natraqualf; its
physical–chemical characteristics were: pH 8.7; electrical con-
ductivity 5.1 dSÆm)1; exchangeable sodium (Na) 56%; avail-
able P 13.5 mgÆkg)1 (Bray I); total C 1.2%; and total N
0.11% (for further details, see Garcı́a & Mendoza 2007).

Seeds of L. tenuis cv. Chaja were surface sterilised and pre-
germinated in sterile conditions. Thirty closed-bottom pots
of 1.6 L were filled with 770 g of air-dry soil sieved through
a 2-mm mesh screen. Seven seedlings were transplanted to
each pot and the soil surface was covered with 1 cm of steri-
lised sand to minimise water evaporation. The pots were
maintained near field capacity (36%) by daily watering to

constant weight. Plants were grown in a greenhouse for
105 days (mean day temperature 30 ± 3 �C, mean night tem-
perature 19 ± 2 �C). The pots were randomised and daily
rotated to minimise potential gradient effects. The mean rela-
tive humidity was 65–75% and the photoperiod length ran-
ged from 10 to 12 h during the experimental period.

After 70 days of growth, five pots were harvested (initial
time) and the remaining pots were subjected to defoliation
treatments replicated five times. Defoliation treatment con-
sisted of removing 25, 50, 75 or 100% of the aboveground
biomass with respect to the pots harvested at the initial time.
For the 100% treatment, the aerial biomass was clipped off
0.5 cm above the soil surface. Plants of five pots were not
defoliated and used as control (0% treatment). Defoliated
and non-defoliated plants were grown for an additional 35-
day period (recovery period), and then the plants were har-
vested (final time).

Plant yield and analytical determinations in tissue

After each harvest (initial and final time), plant biomass was
separated into shoots and roots. The biomass of the clipped
shoots was weighed, and later included in the shoot fraction
of the corresponding plants at the end of the recovery phase
to determine shoot yield. Fresh shoots and roots were divided
into two portions: one was oven-dried at 70 �C for 48 h to
determine P, N and Na+ concentrations and content, and the
other portion was used to measure total chlorophyll in shoots
and AM colonisation morphology and number of Rhizobium
nodules in roots.

The concentration of total chlorophyll was determined in
fresh shoots as described in Lichtenthaler (1987). Dry shoots
and roots were digested separately in a nitric-perchloric acid
mixture (3:2) to determine P using the molybdovanadophos-
phoric acid method, Na+ by standard flame photometry
(Benton Jones & Wernon 1990), and in sulphuric acid to
determine N using the Kjeldahl method (Jackson 1964).

AM colonisation and root nodulation

Mycorrhizal root colonisation was measured in fresh roots
cleared in 10% KOH for 10 min at 90 �C, and stained in
0.05% lactic acid–glycerol Trypan blue (Phillips & Hayman
1970). Twenty-five root segments per plant sample were
examined under a microscope at ·200 magnification. The
fraction of root length colonised (MC), or root length con-
taining arbuscules (AC), vesicles (VC) and hyphae only (HO)
was determined following McGonigle et al. (1990). The num-
ber of entry points was measured every 3 mm along root
fragments at ·200 magnification (Amijee et al. 1989) and
expressed as the number of entry points (EP) per mm of col-
onised root. Root length colonised by AM (mc), arbuscules
(am), vesicles (vc) and hyphae only (ho) was determined
with the line intercept method (Giovannetti & Mosse 1980).
Rhizobium nodules were counted in whole fresh root systems
under a binocular stereomicroscope (·7.5).

AM fungal inoculum

After each the initial and final harvest, soil samples of
approximately 250 g were taken from the centre of each pot
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to measure AM fungal spore and hyphal densities. Soil sam-
ples were kept in plastic bags at 4 �C until processed.

AM fungal spores were isolated from 30 g of soil by a
modification of the sucrose gradient centrifugation technique
(Daniels & Skipper 1982), and counted under ·35 magnifica-
tion using a dissecting microscope. Spore density was
expressed as the number of spores per gram of dry soil.

The length of external hyphae was determined after they
were extracted with a procedure modified from Abbott et al.
(1984), and measured on 150 fields per filter using the modi-
fied grid line intersect method (Giovannetti & Mosse 1980)
under ·200 magnification. Hyphal density was expressed as
meter of hyphae per gram of dry soil.

Relative plant growth and AM fungal colonisation rates

Relative growth rates (RGR) for shoot (RGRs) and root
(RGRr) dry mass of control and defoliated plants during the
recovery period (35 days) were calculated as described in
Kingsbury et al. (1984):

RGRi ¼ ðlnWtf � lnWtoÞ=ðtf � toÞ ð1Þ

where RGR is the relative growth rate (day)1) and i stands
for any shoot or root, tf is the total period of growth (days)
from planting, to is the initial period of growth at near field
capacity (70 days), Wtf is dry mass of shoot or root at the
end of the whole experimental period (105 days), Wto is the
dry mass of shoot or root at the beginning of the experimen-
tal period (70 days), and (tf)to) is the difference between the
initial and the final period of growth (105 days). For each
clipping treatment, Wto of the shoot is the remaining dry
mass in each pot after defoliation. For comparing treatments,
it was assumed that the daily growth rates were constant over
the 35-day recovery period.

An expression similar to equation (1) was used to compute
the relative colonisation rate of mc (RCRmc), ac (RCRac), vc
(RCRvc) and ho (RCRho) for control and defoliation treat-
ments.

Statistical analysis

Datasets were tested for normality and variance heteroscedas-
ticity with standard methods. Non-normal data were appro-
priately transformed for comparing treatment means. An
analysis of variance was used to test the equality of treatment
means. Treatment effects from data that could not be norma-
lised by any of the common standard transformations were
tested with the Kruskal-Wallis non-parametric test. Stat-
graphic 5.0 plus software was used for statistical analyses.

RESULTS

Plant growth

The growth of L. tenuis was affected by defoliation intensity.
Shoot biomass was significantly affected by defoliation inten-
sity. Defoliation intensities ranging from 25% to 75% did not
affect the total shoot biomass yielded by the non-defoliated
plants (Fig. 1a). At 100% defoliation, the amount of shoots
removed by clipping after 70 days of growth plus that recov-
ered at the final harvest was about 60% smaller than total
biomass in either control or 25% defoliation treatment
(Fig. 1a). The RGRs of shoots consistently increased from the
control to 100% defoliated plants (Fig. 1a).

Defoliation intensity also affected root growth (Fig. 1c).
Root biomass decreased as defoliation intensity increased.
Root biomass of 100% defoliated plants was significantly
smaller than the root biomass produced by the other treat-
ments. This reduction in root biomass was consistently
reflected in a decrease in root RGR values; at 75% defoliation
the root RGR value was practically zero, and at 100% defolia-
tion it was definitely negative (Fig. 1d).

Phosphorus and N in plant tissue

The mobilisation of P and N in plant tissue was affected by
defoliation intensity. The concentration of P in both shoots
and roots consistently increased with defoliation intensity

(a) (b)

(c) (d)
Fig. 1. Biomass of Lotus tenuis plants that had been

subjected to different defoliation intensities from 0 to

100%. a: Shoot dry weight, b: shoot RGR, c: root dry

weight, d: root RGR. The dashed line in a) and c)

represents the dry biomass weight after 70 days of

growth (initial time) when the defoliation treatments

were applied. Grey columns in a) represent the shoot

biomass removed (clipped biomass) at different

defoliation intensities. Bars denote SE of means of five

replicates. Different letters indicate significant

differences (P < 0.05) between pairs of treatment

means according to a Tukey test.
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(Fig. 2a and b). The concentration of N in shoots and roots
also increased with defoliation intensity but the effect of the
latter was less marked than the effect of P (Fig. 2c and d).
The total P content in plant tissue during the 105-day grow-
ing period (70 + 35 days) did not change among non-defoli-
ated and 25–75% defoliated plants (Fig. 3a). The total P
content at 100% defoliation intensity was significantly lower
than the 25% defoliated plants but it did not differ from the
non-defoliated plants and the 50–75% defoliation treatments.
The total N content was statistically the same among non-
defoliated and defoliated plants up to 75% defoliation inten-
sity, and was higher than the total N content at 100% defoli-
ation intensity (Fig. 3b).

Sodium and chlorophyll in plant tissue

Defoliation intensity affected the Na+ balance between shoots
and roots in L. tenuis growing in a saline-sodic environment
and was associated with a tendency to decrease the chloro-
phyll concentration. The concentration of Na+ in shoots
showed a marked increase only in 100% defoliated plants
with respect to both control and less intensely defoliated
plants (Fig. 4a). In contrast, the variation of Na+ concentra-
tion in roots tended to decrease with increasing defoliation
intensity from the control to 75% defoliated plants, and for
the 100% treatment the Na+ concentration in root tissues
markedly increased (Fig. 4b). The ratio of Na+ concentration
in shoots over roots increased with increasing defoliation
intensity (Fig 4c). The total Na+ plant content consistently
decreased with increasing defoliation intensity (Fig. 3c), and
the chlorophyll concentration in shoots was statistically the
same between non-defoliated and defoliated plants (Fig. 4d).

AM fungal variables and Rhizobium nodules

Defoliation intensity affected the association with native
arbuscular mycorrhizae and Rhizobium bacteria. The intensity
of defoliation did not change the proportion of root length

colonised by AM (MC), the arbuscular colonisation (AC)
and the hyphae-only colonisation indices (HO) (Table 1).
The vesicular colonisation index (VC) decreased with increas-
ing defoliation intensity. The total root length colonised
(mc), the root length colonised by the different fungal struc-
tures (ac, versus and ho) and the relative colonisation rates
(RCR) decreased with increasing defoliation intensity
(Table 1). The largest RCR values were always observed in
non-defoliated and 25% defoliated plants. The number of
entry points per unit of root length colonised (EP) and the
AM fungal spore density in soil did not change with increas-
ing defoliation intensity. The number of Rhizobium nodules
per unit of root weight significantly increased in the 100%
treatment. The hyphal density in soil consistently increased
with increasing defoliation intensity (Table 1).

DISCUSSION

The results of this study showed that Lotus tenuis plants
grown in a saline-sodic environment could compensate the
weight of shoot biomass removed by clipping up to 75% of
the biomass of non-defoliated plants. This compensation was
a consequence of higher rates of shoot growth (RGR) of
defoliated compared to non-defoliated plants, and sufficient
nutrient availability to sustain shoot regrowth. In general
terms, our observations are consistent with previous results
observed by Vignolio et al. (2006) and Striker et al. (2011).
However, these two studies differ from the present experi-
ments in several aspects: they clipped adult plants at the
reproductive stage and we clipped 70-day-old plants at the
vegetative stage; the substrate used for plant growth was
better in terms of fertility compared to the present experi-
ment, where a saline-sodic soil was used; and finally, how the
plants were clipped in each experiment determined different
amounts of remaining biomass able to compensate for the
removed material. In our study, when the total aerial biomass
was clipped (0.5 cm above the soil surface), the plants
were not able to compensate for the growth produced by

(a) (b)

(c) (d)

Fig. 2. Concentration of P in shoots (a), roots (b), and

of N in shoots (c) and roots (d) of Lotus tenuis plants

that had been subjected to different defoliation inten-

sities. Bars denote standard errors of the mean for five

replicates. Different letters between treatments indi-

cate a significant difference (P < 0.05) according to a

Tukey test. Shoot P concentrations were log trans-

formed for this analysis.
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non-defoliated plants in saline-sodic conditions. The re-
growth after defoliation of L. tenuis is mainly produced by
sprouting of basal auxiliary buds of the old stems (Smith
1962). Intense defoliations determine a marked loss of nutri-
ents, therefore shoot regrowth after drastic defoliation inten-
sities would be dependent of the use of remnant nutrient
reserves and the ability of the plant to absorb nutrients effi-
ciently from the soil, rather than the bud sprouting. Hence,
the symbiotic associations with AM fungi and Rhizobium
bacteria are expected to be a key factor in improving nutrient
uptake.

Root growth was more affected by defoliation than shoot
growth. Both the biomass and the RGR of roots were drasti-
cally decreased with increasing defoliation intensities. This

effect was also reflected by the decrease in the root ⁄ shoot
ratio along defoliation intensities: 0.56, 0.48, 0.34, 0.28 and
0.08 for the control and the 25–100% defoliation intensities,
respectively. These results suggest that the plants transfer
most of the nutrient resources from the roots to the shoots
to compensate the demand for regrowth. The loss of root tis-
sue in response to defoliation is ascribed to a decrease in
photosynthate production and a reallocation of C resources
to the regrowth of photosynthetic tissue. The regrowth of
grasses is only dependent on stored reserves for a few days
following defoliation (Allsopp 1998). In legume plants, the
regrowth additionally depends on C and N reserves allocated
in the crown (Ourry et al. 1994; Avice et al. 1996; Striker et
al. 2011). This may explain the capacity of Lotus plants to
regrow under high defoliation intensities.

The P and N absorbed by the plants for growth came from
different sources. Moreover, P is fully provided from inor-
ganic soil constituents and soil organic P, while N can be
additionally provided through biological fixation. The con-
centrations of both nutrients in shoots and roots increased
with increasing defoliation intensity. Plants defoliated up to
75% of their aerial biomass were able to compensate the total
P and N absorbed by the non-defoliated plants. This is asso-
ciated with an internal recycling of nutrients from necrotic
roots to satisfy the demands of shoot regrowth and ⁄ or an
additional amount of P and N absorbed from the soil and ⁄ or
N fixed by Rhizobium. In agreement with the first part of
hypothesis (i), L. tenuis compensated for both the shoot bio-
mass and the total P and N removed in low to moderate
defoliations, as a result of the higher rates of shoot growth
(RGR) of defoliated compared to non-defoliated plants and
the sufficiency of absorbed nutrients necessary to sustain
shoot regrowth.

Even accepting that L. tenuis is a glycophytic legume, its
salt tolerance mechanism has not yet been elucidated (San-
nazzaro et al. 2006, 2007). The primary mechanism of salinity
tolerance is centred on the control of Na+ uptake by the
roots and the subsequent distribution of Na+ in plant tissue
to minimise the amount of Na+ transported to shoots (Plett
& Møller 2010). In the current experiment, the concentration
of Na+ in roots was always higher than in the shoots for both
control and moderately defoliated plants. Sannazzaro et al.
(2006), who worked with sensitive and tolerant L. tenuis
genotypes stressed with NaCl solution, also observed higher
concentrations of Na+ in roots than in shoots. In both stud-
ies, the results are consistent with a salinity tolerance mecha-
nism that controls increases of Na+ in shoot tissue. However,
in the present work and at high defoliation intensity, the Na+

concentration in roots and shoots markedly increased with
respect to the other defoliation intensities. It was reported
that in plants growing in saline soils, active efflux of Na+

from the roots to the soil solution may occur at significant
rates but may be insufficient to counterbalance the passive
unidirectional Na+ influx from the soil solution to the roots
(Jacoby & Hanson 1985; Davenport et al. 1997). We propose
that in the cases of non-defoliated to moderately defoliated
plants, there is a mechanism whereby an increase of Na+ con-
centration in shoots is prevented by a reduction in Na+

uptake by roots from the soil solution and a subsequent
reduction of Na+ transport from roots to shoots through an
increase in the amount of Na+ accumulated by the root

(a)

(b)

(c)

Fig. 3. Total P (a), N (b) and Na+ (c) content in Lotus tenuis plants that

had been subjected to different defoliation intensities. The clipped biomass

represents the total P, N and Na+ content of the shoot biomass removed

at different defoliation intensities. The initial biomass represents the total

P, N and Na+ content remaining in plants after clipping at different defoli-

ation intensities. The final biomass represents the total P, N and Na+ con-

tent of the plants at the end of the recovery period. Bars denote SE of

means of five replicates. Different letters indicate significant differences

(P < 0.05) between treatments according to a Tukey test.
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system. At high defoliation intensity, the salinity tolerance
mechanism is altered and the Na+ concentration in shoots
became higher than the concentration in roots.

The increase of Na+ concentration in shoot tissue at
high defoliation intensity was associated with a tendency to
decrease the chlorophyll concentration. The leaves of heav-
ily defoliated plants were chlorotic compared to those of
non-defoliated or low to moderately defoliated plants. This
suggests that salt interferes with chlorophyll synthesis, as
reported by Cantrell & Linderman (2001). It is known that

Na+ accumulation in plant cells decreases photosynthesis,
thereby reducing transportation of carbohydrates to young
leaves and roots (Feng et al. 2002), and may affect the
capacity of Lotus plants to recover the defoliated biomass.
The results of plant growth and nutrient uptake at the
highest defoliation intensity are consistent with the second
part of hypothesis (1), and Lotus plants were not able to
compensate for clipped shoot biomass as a result of a
drastic reduction of root growth and adverse saline-sodic
environment.

(a) (b)

(d)(c)

Fig. 4. Concentration of Na+ in shoots (a) and roots

(b), ratio of Na+ concentration in shoots over roots (c),

and shoot chlorophyll concentration (d) in Lotus tenuis

plants that had been subjected to different defoliation

intensities. Bars denote SE of the mean of five repli-

cates. Different letters between treatments indicate a

significant difference (P < 0.05) according to a Tukey

test. Shoot Na+ concentrations were log-transformed

for this analysis.

Table 1. Effect of different defoliation intensities on AM fungal variables and number of Rhizobium nodules in roots of Lotus tenuis plants. Mean values

of five replicates ± SE. For each row different letters indicate a significant difference (P < 0.05) between treatments according to the Tukey test. ln = log-

transformed data.

variable

defoliation intensity

0% 25% 50% 75% 100%

AM fungal variables

MC index 0.94 ± 0.01 a 0.93 ± 0.01 a 0.94 ± 0.01 a 0.95 ± 0.01 a 0.90 ± 0.03 a

AC index 0.66 ± 0.05 a 0.66 ± 0.02 a 0.71 ± 0.02 a 0.77 ± 0.01 a 0.75 ± 0.04 a

VC index 0.19 ± 0.03 c 0.11 ± 0.03 bc 0.08 ± 0.02 bc 0.07 ± 0.01 b 0.05 ± 0.01 a

HO index 0.09 ± 0.02 a 0.16 ± 0.02 a 0.13 ± 0.02 a 0.10 ± 0.01 a 0.09 ± 0.02 a

mc (m) 151.16 ± 10.58 c 123.98 ± 9.35 bc 94.98 ± 9.03 b 89.44 ± 6.19 b 17.91 ± 2.30 a

ac (m) 106.65 ± 13.22 b 87.80 ± 8.44 b 72.50 ± 8.37 b 72.44 ± 4.97 b 15.23 ± 2.47 a

vc (m) ln 30.03 ± 5.36 c 14.29 ± 3.62 bc 8.69 ± 2.01 b 7.13 ± 1.24 b 0.97 ± 0.28 a

ho (m) 13.48 ± 2.92 bc 21.89 ± 3.62 c 13.04 ± 1.79 bc 9.69 ± 1.46 ab 1.71 ± 0.23 a

EP (per mm root) 4.88 ± 0.40 a 5.29 ± 0.37 a 6.00 ± 0.40 a 6.15 ± 0.14 a 5.71 ± 0.45 a

Spore density (per g soil) 59.26 ± 5.16 a 61.01 ± 9.10 a 69.23 ± 7.28 a 57.68 ± 5.57 a 56.18 ± 4.38 a

Hyphal density (m.g)1 dry soil) 10.43 ± 0.55 a 11.15 ± 0.36 a 12.45 ± 0.20 ab 14.31 ± 1.18 b 14.35 ± 0.51 b

Relative colonisation rates

RCR mc (day)1) 0.024 ± 0.002 c 0.018 ± 0.002 bc 0.010 ± 0.002 b 0.009 ± 0.002 b )0.037 ± 0.004 a

RCR ac 0.019 ± 0.003 b 0.014 ± 0.003 b 0.009 ± 0.003 b 0.009 ± 0.002 b )0.036 ± 0.005 a

RCR vc 0.051 ± 0.005 c 0.028 ± 0.008 bc 0.014 ± 0.009 b 0.011 ± 0.005 b )0.048 ± 0.008 a

RCR ho 0.012 ± 0.006 bc 0.026 ± 0.006 c 0.012 ± 0.004 bc 0.004 ± 0.004 b )0.045 ± 0.003 a

Rhizobium nodules

Nodules (per g fresh root) 10.99 ± 1.45 ab 6.00 ± 1.53 a 7.82 ± 2.20 a 4.66 ± 0.92 a 17.63 ± 2.63 b
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The effects of defoliation on roots colonised by AM fungi
yielded controversial results. Some studies have shown that
defoliation can either positively, negatively or not effect AM
colonisation. In the present work, defoliation intensity did
not affect the fractions of root colonised by AM fungi (MC),
arbuscules (AC), hyphae only (HO) or number of Rhizobium
nodules per unit of root weight, and the colonised root
length of these AM morphological structures showed changes
associated with a decrease of root mass observed with
increasing defoliation. Arbuscules constitute the primary sites
of nutrient and C exchange between the symbionts (Smith &
Read 2008). The high proportion of roots colonised by
arbuscules recorded in this work (ranging from 66% to 77%)
suggests that Lotus plants and AM fungi may establish a
functional symbiosis even when the plants have suffered
intensive defoliation in a saline-sodic soil conditions. The
vesicular colonisation significantly decreased from 42% to
73% for the 25–100% defoliated plants, respectively, com-
pared to the non-defoliated plants. In addition, both the
number of entry points per unit of root length and the spore
density in soil did not change during the experiment, whereas
the length of the extraradical hyphae increased with increas-
ing defoliation intensity. Vesicle formation is associated with
storage structures (Garcı́a & Mendoza 2007, 2008); it has
been reported that the mobilised carbohydrates and lipids are
stored in vesicles to form structures like spores (Bentivenga

& Hetrick 1992). In the present work, we observed a high
proportion of roots colonised by arbuscules but a decrease in
vesicle formation with increasing defoliation intensity. Craw-
ford et al. (2000) used labelled 14C to show that net C trans-
location from shoots to roots was very low and almost absent
after defoliation, and suggested that the newly assimilated C
is used solely for shoot regrowth. Hence, the decrease of C
flow to the roots and consequently to the AM fungi may alter
the formation of intra- and extraradical fungal structures. In
disagreement with hypothesis (2), the results suggest that the
strategy of the AM fungal symbiont consists in investing
more of the C resources to preferentially maintain the arbus-
cular colonisation and the inoculum density in soil by
exporting C compounds to retain extraradical structures such
as spores and the hyphal network. The increase in the exter-
nal hyphal network would contribute to compensate for the
losses of root absorptive area in defoliated plants (Allsopp
1998). This may partly explain why defoliated plants were
able to compensate the total P and N content during the
regrowth period with respect to non-defoliated plants.
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