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SUMMARY

Although vesicular—arbuscular mycorrhizas (VAM) are abundant in natural ecosystems, the evidence for the
mutualistic effect of this association under field conditions is conflicting. VAM infection and inflow of phosphorus,
copper, zinc and manganese was measured in six co-existing plant species of a semi-natural grassland, during a
2-yr period, in order to establish whether patterns of nutrient uptake and plant growth in co-existing species can
be related to levels of mycorrhizal infection. There was no relationship between VAM infection and shoot
concentrations of P, Cu, Zn or Mn, or plant biomass, and only in a few cases was nutrient inflow related to
infection.

Although the results do not support the hypothesis that VAM infection is beneficial for plant nutrition, high
levels of P inflow do occur at certain periods during the growth season, suggesting that mycorrhizas may promote
plant nutrient uptake at these times. Owing to the abundance of VAM, the lack of speciation and high P inflows

which can occur in the field, these mycorrhizal associations are likely to be mutualistic.

Key words: VA mycorrhizas, P inflow, grassland ecology, co-existence.

INTRODUCTION

Vesicular—arbuscular mycorrhizal symbiosis (VAM)
can be of great importance in plant nutrition and
growth (Harley & Smith, 1983). Evidence to support
this largely derives from pot experiments where
plants have been grown either with or without
mycorrhizal fungi. In such circumstances mycor-
rhizal infection typically leads to higher root and
shoot concentrations of P (for a review see Harley &
Smith, 1983). and this in turn leads to an increase in
plant growth (Sanders & Tinker, 1973) and biomass
(Stribley, Tinker & Rayner, 1980). More precisely
the P inflow into plant roots (the rate at which P
enters the root from the soil) has been shown to be
greater in mycorrhizal roots than in non-mycorrhizal
roots (Sanders & Tinker, 1973; Smith, 1982). Many
soils are P deficient (Bieleski, 1973) and zones of P
depletion rapidly develop in the soil immediately
surrounding roots (Bagshaw, Vaidyanathan & Nye,

* Present address: Department of Biology, The Pennsylvania
State University, University Park, PA 16802, USA.

1972; Nye & Tinker, 1977), because the low mobility
of phosphate ions in the soil limits replenishment.
Fungal hyphae can cross these zones and transport
phosphorus to the roots for a much smaller biomass
investment than roots. A mechanism exists, there-
fore, by which a fungal symbiont can exploit a greater

* volume of the soil to improve plant P nutrition. In

addition, VAM miay be important to a lesser extent
in increasing the uptake of other immobile nutrients.
In particular Cu (Gildon & Tinker, 1983) and zinc
(Swaminathan & Verma, 1979). More recently,
mycorrhizal infection has been shown to influence
the uptake of nutrients which are more mobile in the
soil. For example, in mycorrhizal plants the uptake
of Mn can be reduced when it occurs at toxic levels
(Pacovsky, 1986; McGee, 1987; Arines, Vilarino &
Sainz, 1989, 1990).

Few studies of mycorrhizal functioning under
field conditions have provided conclusive evidence
for a benefit to the host from this relationship. The
evidence for a beneficial effect under field conditions
is conflicting. For example, Sparling & Tinker (1978)
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recorded no improvement in the yield of upland
grassland, following inoculation of y-irradiated soil,
whereas Hayman & Mosse (1979) showed a signifi-
cant increase in yield, although this could not be
explained by increased P uptake.

Since the presence of VAM fungal hyphae in roots
must represent a cost to the plant (Koide & Elliott,
1989) it could be argued that the density of infection
should be related to the degree of benefit derived by
the plant. Studies attempting to relate plant P status
with quantitatively different VAM infection levels
(Fitter, 1986; McGonigle & Fitter, 1988a) are,
however, also inconclusive.

Although it is known that VAM infection density
varies in space and time in natural ecosystems (Gay,
Grubb & Hudson, 1982; Giovannetti, 1985;
McGonigle, 1987), little is known about the causes
of variation in infection and whether infection is
related to plant nutrition and growth. However, if
mycorrhizas do benefit plants in the field then
periods of high mycorrhizal infection might be
expected to correspond with periods of rapid nu-
trient uptake or high demand for nutrients. In-
formation regarding temporal patterns of VAM
infection together with nutrient uptake and plant
performance is essential to an understanding of their
significance in natural ecosystems. In this study the
patterns of VAM infection, mineral nutrition and
growth of the major plant species of a semi-natural
grassland were recorded over a 2-yr period. In
addition, the rates of P, Cu, Zn and Mn uptake were
recorded during the growth season.

The aim of the study was to establish whether
patterns of nutrient uptake and growth can be
directly related to levels of mycorrhizal infection in
the field. The specific objectives were (1) to de-
termine whether rates of nutrient uptake in this
community were sufficiently high to suggest mycor-
rhizal involvement, (2) to identify periods in the
growth season when mycorrhizal involvement may
have been required, (3) to find whether any such
periods recurred in successive years, and (4) to
establish if interspecific differences occurred in
nutrient uptake patterns.

MATERIALS AND METHODS
Field site

This investigation was carried out in conjunction
with a survey of patterns of mycorrhizal occurrence
at the same field site. ‘A full description of survey
methods is given in Sanders & Fitter (1992). All
fieldwork was carried out on a permanent grassland
site at Wheldrake Ings (North Yorkshire, UK).
Owing to the management regime in operation, the
community is thought to be as near equilibrium as
possible for such a grassland and to contain a
relatively undisturbed VAM community. For a fuller
site description see McGonigle & Fitter (1988 a).

Sampling procedure and species selection

Sampling procedures and species selection were as in
Sanders & Fitter (1992). Six species (Festuca rubra
L., Holcus lanatus L., Lathyrus pratensis L.., Plantago
lanceolata L., Rumex acetosa L. and Trifolium
pratense L.) were sampled on seven occasions (16
February, 29 March, 19 April, 10 and 31 May, 21
June and 21 October) in 1988 and 1989. Plants were
removed from the field site using a 6 cm x 16 cm soil
corer. The area was cut for hay in late June of each
year. The concentration of P, Cu, Zn and Mn in the
plants was not measured at the October harvests
because the site was being grazed and little of the
above-ground plant material remained.

Measurements and mycorrhizal assessment

The roots of sampled individuals were carefully
washed in running water to remove soil and other
plant roots. Root lengths were measured using a
gridline intersection method (Marsh, 1971) and
subsequently cleared (109 KOH) and stained
(0-01 9 acid fuchsin) for determination of mycor-
rhizal infection (Kormanik & McGraw, 1982).
Infection was quantified using a line intersect
method (x 100 and x 120 magnification) and expres-
sed as a percentage of root length.

For all plants the shoot dry mass and P, Cu, Zn
and Mn concentrations were determined. The shoot
material was digested in concentrated nitric, sul-
phuric and perchloric acids (12:1:1) and refluxed for
1 h. The digests were diluted for spectrophotometric
analysis of P concentration (Allen, 1974) and for
atomic absorption spectroscopy to determine Cu, Zn
and Mn concentrations.

Calculation of nutrient inflows

Since mycorrhizal benefit is believed to derive from
the ability of the hyphae to cross P depletion zones
around roots, infection should result in an increased
rate of P uptake per unit root length (inflow). Where
root growth was exponential, P, Cu, Zn and Mn
inflows were calculated using equation (1), which
assumes root growth to be exponential. However,
where no exponential root growth occurred it was
assumed to be linear and equation (2) was used. A
summary of the analysis of root growth is shown in
Table 1. Means of data for each species at all sites
within one harvest were used for the calculations of
inflow. Values of P inflow are expressed as

pmolm*s™? and Cu, Zn and Mn inflow as
fmol m™'s7%,
(C,—C)) (log, L,—log, L)
Inflow = £ e (1)
(Lz - Ll) (tz - tl)
nflow =G 2

N %(Ll +L2) X (tz_ tl) ’
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Table 1. Mean root lengths and F ‘values from one-way analysis of variance
of root length and above-ground biomass in 1988 and 1989, using harvest

date as a factor (d.f. = 5)

Mean
root F ratio
length
Year (cm) Root length Biomass
Plantago lanceolata 1988 83-3 n.s. 12-94%%*
1989  182:0 24-88***
Rumex acetosa 1988 104-3 27-36%**
1989 1574 3-67% (1° 9-13%%) 14-60%**
Trifolium pratense 1988 1099 11-59%%*
1989 1465 2-86% (4° 6:91%) 5-15%*
Holcus lanatus 1988 1250 4-44% (1° 18-31%%%) 15-90%**
1989 1075 7-60%**
Festuca rubra 1988 1356 6-13%%% (1° 24-01%%*) 7-29%*%
1989 1324 1-24 ns
Lathyrus pratensis 1988 1382 29-68%**
1989 1420 5-02%* (1° 20-07%%*%) 10-85%**

The first five orthogonal polynomial terms have been fitted (in parentheses)
for root length and F values are given for terms at which no further terms or

deviations are significant.

*P < 005; ** P < 0-01; *** P < 0-001; n.s., not significant; 1°, linear term;

4°, quartic term.

where C = plant nutrient content, L = root length,
t = time, and subscripts 1 and 2 refer to the harvests
either side of the interval.

In addition nutrient flux, the mass of nutrient
taken up per unit root surface area per time, was
calculated by dividing nutrient inflow by the mean
root circumference.

Statistical analysis

For statistical purposes, above ground biomass and
root length data were transformed to natural logs. To
detect the pattern of growth (variation in biomass)
and root growth (or variation in root growth) a one-
way analysis of variance of root length data was
performed. The lowest degree orthogonal polyno-
mials that could adequately be fitted to the root
length data were found in order to determine
whether root growth was linear, exponential or
otherwise.

Correlation coefficients were calculated to de-
termine the relationship between mycorrhizal in-
fection and plant biomass, plant nutrient concen-
tration (of P, Cu, Zn and Mn) or nutrient inflows.
The analyses performed are listed below:

(a) Correlation of VAM infection with biomass
and concentrations and inflows of P, Cu, Zn and Mn
for all the species grouped together over the 2 yr and
for each separately.

(b) As (a) but for each species over the 2 yr and for
each year separately.

(¢) Correlation of VAM infection with P, Cu, Zn
and Mn inflows over each harvest interval for the

2 yr considered together and for each year indi-
vidually, irrespective of species.

(d) Correlation of VAM infection with the maxi-
mum P, Cu, Zn and Mn inflows of each species for
the 2 yr together and for each year considered
individually.

RESULTS
Root growth

Significant changes in root growth were detected
only in Holcus lanatus and Festuca rubra during 1988
and in Rumex acetosa, Trifolium pratense and Lathy-
rus pratensis during 1989 (Table 1). With the
exception of T. pratense the change in root length of
these species fitted the linear term. Since the analysis
was carried out on logged values the change in root
length in these species is exponential and thus
validates the use of equation (1) for the calculation of
nutrient inflows. The lack of variation in root length
may reflect inadequacies in the core sampling for
roots, with length underestimated in most cases.
Underestimation of root length affects the interpret-
ation of subsequent calculations of 9% root length
infected and nutrient inflow.

Plant nutrient status, growth and mycorrhizal
infection

Mean biomass per plant increased in most species as
the growing season progressed, though the change
was slight in F. rubra (Fig. 1, Table 1). Mycorrhizal
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Figure 1. Mean mycorrhizal infection (Q) and above-
ground biomass (A\) in six plant species at Wheldrake Ings
during 1989 (note scales for biomass differ).
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Figure 2. Above-ground mean phosphorus ([J), copper
(M), zinc (@) and manganese (A) concentrations in six
plant species at Wheldrake Ings during 1989 (note scales
differ).
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Figure 3. Relationship between phosphorus inflow and
VAM infection during 1988 and 1989 in each of six plant
species at Wheldrake Ings. Plantago lanceolata, 1988 ([1),
1989 (M), Rumex acetosa, 1988 (Q), 1989 (@); Trifolium
pratense, 1988 (A), 1989 (A); Holcus lanatus, 1988 (+),
1989 (x); Festuca rubra, 1988 (M), 1989 ([&1); Lathyrus
pratensis, 1988 (O), 1989 (@).

Table 2. Significant correlation coefficients of
mycorrhizal infection with nutrient inflows

Correlation
n coefficient

(@) For all species at a given harvest
interval

Phosphorus (interval 1, 1989) 6 0-901*

Copper (interval 4, 1988) 6 0-941%*

Manganese (interval 5, 1988) 6 —0-890*
() Maximum inflow of each species

within a year

Manganese in each species, 1988 6 —0-751%
(¢) For any one species within a year

Zinc (in Trifolium pratense, 1988) 5 —0917*

*P < 0-05; ** P < 0-01.

infection, however, showed different patterns and
average levels between species, the full results of
which are presented in Sanders & Fitter (1992).

Nutrient concentrations in above-ground tissues
declined in all species during the growing season
(Fig. 2). P concentration generally declined pro-
gressively, but in R. acetosa it fell steeply late in the
season, coinciding with a large increase in bio-
mass. Cu concentrations were low at all times
(< 25 pug g™), whereas Zn ranged from > 1500 ug g*
in F. rubra in February to < 25 ug g ' in R. acetosa in
June. In all species except Plantago lanceolata, Zn
concentration declined steeply from February on-
wards. Mn concentrations were similar in most
species (c. 100-200 ug g™*) but were high and more
or less constant (200-300 ug g™*) in H. lanatus and
low and declining in L. pratensis and P. lanceolata
(mostly < 100 ug g™).
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Figure 4. (a) Manganese inflow for each of the six species
at harvest interval 5 (between 31 May and 21 June) 1988.
(b) Maximum manganese inflow into each of the six plant
species during 1988.

There was no correlation between nutrient concen-
trations or biomass and VAM infection density.

Rates of nutrient uptake

For most of the study period P inflows were low
(between 05 and 2:0 pmol m™'s™!) and only at
certain periods in the growth season did P inflows
exceed the value of 3-5 pmol m ! s™, calculated by
Sanders & Tinker (1973) as the maximum °‘zero
sink’ value of P inflow in non-mycorrhizal roots in a
similar soil. There was no overall relationship
between P inflow and mycorrhizal infection for all
species (Fig. 3).

In only 5 out of 231 cases was there a significant
correlation between the level of infection and
nutrient inflow (Table 2), and the probability that
these occurred by chance is high. There were no
obvious consistent relationships between mycor-
rhizal infection and nutrient inflow, except an inverse
relationship between VAM infection and Mn inflow
for the final harvest in 1988 and the maximum Mn
inflows to each species during the same year (Fig.
4a,b).

Timing of nutrient inflows

In both P. lanceolata and R. acetosa there were
periods of low and of high P inflow (Fig. 5a).
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Figure 5. Phosphorus inflow into (@) Plantago lanceolata
and Rumex acetosa, (b) Trifolium pratense and Lathyrus
pratensis, (C), Holcus lanatus and Festuca rubra, for 5
harvest intervals, where (1) 16 Feb.—29 Mar., (2) 29
Mar.—19 Apr., (3) 19 Apr.—10 May, (4) 10 May-31 May,
(5) 31 May—21 June. (H) 1988, (E2) 1989).

Table 3. Mean root diameter of the six plant species
(measured at the 3rd harvest 1989)

Diameter  Confidence
Species (cm) intervals (95 %)
Plantago lanceolata  0-085 +0-008
Rumex acetosa 0-025 4+ 0-009
Trifolium pratense 0-082 +0-:023
Holcus lanatus 0-017 +0-017
Festuca rubra 0-015 4+ 0-006
Lathyrus pratensis 0-035 +0-014

However, the patterns of inflow between the 2 yr
were quite different. For example, P. lanceolata took
up P rapidly over harvest interval three during 1989
(14-8 pmol m™! s71), although over the same interval
during the previous year the rate of P inflow was low
(0-3 pmol m™ s7). R. acetosa exhibited its highest
rates of P inflow during the first two harvest intervals
in 1988. During the same harvest intervals in 1989 P
inflow was negligible. L. pratensis and T. pratense
both exhibited periods of rapid P inflow during 1988
which did not recur during 1989 (Fig. 55). Although
the rate of P inflow in L. pratensis in 1989 did not
exceed 3-5 pmol m™! s7, the overall pattern of inflow
during the 2-yr period is similar, with a maximum
over harvest interval 3 in each year.

In F. rubra and H. lanatus periods of high and low
P inflow were similar in both years (Fig. 5¢). F. rubra
exhibited maximum phosphorus inflow over harvest
interval 5 in both years, coinciding with the onset of
flowering. In H. lanatus maximum P inflow occurred
over harvest interval 4 in both years. However, P
inflow in H. lanatus never exceeded 2:0 pmol m™*s™}
during the 2 yr.

Patterns of Cu, Zn and Mn inflow for these species
were similar to those for P inflow. Periods of high
inflow for P. lanceolata and R. acetosa in one year
coincided with low inflow rates in the following or
previous year. The two legumes, L. pratensis and T.
pratense, both exhibited similar patterns of Cu and
Mn uptake between the 2 yr. However, there were
no clear patterns of Zn uptake in the same two
species. In contrast to P. lanceolata and R. acetosa,
the grasses F. rubra and H. lanatus showed very
similar patterns of nutrient uptake during the 2-yr
period, i.e. periods of high nutrient uptake in one
year recurred in the following year. Inflow data for all
species are given in Sanders (1991).

Interspecific differences in rates of nutrient uptake

There were differences in the pattern of nutrient
uptake bétween years for any one species and also
between the six species (Fig. 5a—c). However,
because of large differences in root diameter between
the six species (Table 3), comparisons of inflows may
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Table 4. Maximum phosphorus inflows (pmol m™ s71)
and fluxes (nmol m™?s™') into roots of the six plant
species during 1988 and 1989

Species Year P inflow P flux
Plantago lanceolata 1988 1-7 06
1989 14-8 56
Rumex acetosa 1988 53 67
1989 62 79
Trifolium pratense 1988 7-5 2-8
1989 25 1-0
Holcus lanatus 1988 11 21
1989 16 3:0
Festuca rubra 1988 1-9 4-0
1989 66 14.0
Lathyrus pratensis 1988 84 76
1989 2:2 2:0

be misleading. For an interspecific comparison of
nutrient uptake rates an estimation of nutrient fluxes
(uptake per unit surface area per unit time) were
calculated.

The maximum P flux into each of the six species
(Table 4) indicated that the rates of P movement
differed between species. For example, P. lanceolata
exhibited the maximum P inflow, although the P flux
for the same harvest was greatly exceeded by that of
F.rubra, L. pratensis and R. acetosa at other harvests
(maximum values of flux were 140, 7-6 and
79 nmol m™%s™! respectively). After conversion to
flux the continuously low P inflow which occurred in
H. lanatus was comparable to other species, e.g. T.
pratense, which exhibited high P inflow at some
harvest intervals. Interspecific differences in rates of
Cu, Zn and Mn movement also occurred (Table 5).
A full list of flux values for P, Cu, Zn and Mn are
given in Sanders (1991).
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DISCUSSION
The relationship between VAM infection and
nutrient uptake

The results of this investigation give little support to
the hypothesis that there is a relationship between
the density of VAM infection and nutritional benefits
to plants in natural ecosystems. The inverse re-
lationship between VAM infection and Mn inflow
over the final harvest interval in 1988 and maximum
inflows in each species during the same year (Fig. 4)
was consistent with experiments carried out under
controlled conditions in pots (Arines et al., 1990).
The relationship did not recur during 1989, suggest-
ing an environmental influence; Mn will be more
mobile during periods of high soil water content, and
Wheldrake Ings is subjected to periods of flooding
which vary between years (McGonigle & Fitter,
1988b). Although soil moisture was not measured in
this study the flood level was higher during 1988
than in 1989 and persisted until later in the spring.
Further, 1988 was a wet, and 1989 an exceptionally
dry, summer.

Although relationships between P uptake and root
length infected by VAM fungi have been found
under controlled conditions, these may be modified
in natural ecosystems. Plant P uptake mediated by
mycorrhizal fungi must depend on (1) how much of
the soil can be exploited by the external hyphae, (2)
the rate at which these hyphae take up the available
P and (3) how much of the internal fungus is active
in transferring P to the plant. None of these factors
are well documented in field soils, and all will be
dependent on numerous variables which can be
stabilised under carefully controlled laboratory condi-
tions.

Furthermore, in the field, once some threshold
density of external VAM hyphae is exceeded, P
could be as limiting to the VAM hyphae as to the

Table 5. Maximum copper, zinc and manganese inflows (fmol m™ s1) and
Sfluxes (pmol m™2 s™1) into voots of the six plant species during 1988 and 1989

Maximum inflow

Maximum flux

Species Year Cu Zn Mn Cu Zn Mn
Plantago 1988 163 155 67.4 61 5-8 253
lanceolata 1989 647  426.0 140.4 242 159-5 52:6
Rumex 1988 12-7 71-5 95-6 162 91-0 121-8
acetosa 1989 386 612 2413 49-2 779 3072
Trifolium 1988 19-8 212 579 75 80 220
pratense 1989 12-0 579 542 46 22:0 20-5
" Holcus 1988 72 289 118:0 135 541 2210
lanatus 1989 7-8 549 1855 146 1027 3473
Festuca 1988 439 1576 1132 93-3 3344 2402
rubra 1989 212 134-4 96-7 45-0 - 2853 205-5
Lathyrus 1988 249 626 633 227 569 57-6
pratensis 1989 88 40-1 59-0 80 364 537
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roots, when the combined hyphal and root density is
so high that the rhizosphere and mycorrhizosphere
become wholly depleted of P. In a closely compacted
turf like that at Wheldrake Ings, with high mycor-
rhizal infection and high root density (over
100 cm root cm™ soil, McGonigle & Fitter, 1988),
rapid growth of the hyphae may not necessarily
enable the fungus to exploit new sources of P which
are unavailable to the root.

Implications for VAM functioning and ecology

Possible reasons as to why direct relationships
between mycorrhizal infection and plant nutrition
and growth are difficult to identify in natural
conditions are numerous and well documented
(Fitter, 1985, 1990). At the field site it is reasonable
to assume that some phenomena limit mycorrhizal
benefit, although their nature and extent is difficult
to determine. Plants with low mycorrhizal infection
could receive nutrients via inter-connecting hyphae
from other plants of the same or a different species
(Newman, 1988), removing any relationship between
internal VAM infection and plant nutrient uptake.
In addition, the length of root occupied by VAM
fungi does not necessarily represent the amount of
fungus which is active in nutrient transfer (Kough &
Gianinazzi-Pearson, 1986; Abdel-Fattah, 1990;
Smith, McGee & Smith, 1990; Smith & Gianinazzi-
Pearson, 1990). Grazing by soil fauna can also affect
the functioning of VAM (Fitter & Sanders, 1992).

The simplest explanations for the lack of any clear
relationship between VAM infection and plant
nutrition are either that the fungus is acting as a
parasite, i.e. giving no benefit to the host, or that
only during periods of high P demand do VAM
fungi contribute to the necessary rate of uptake.

Periods of high P demand are likely to be
associated with periods of high respiration and
photosynthetic rates such as during flowering or seed
production, and this is when mycorrhizas may be
involved. If this is the case then periods of rapid P
uptake, such as those observed in this study (Fig. 5),
should coincide with these stages and should recur at
the same time in subsequent years. For H. lanatus
and F. rubra, this was the case in this study. H.
lanatus exhibited maximum phosphorus inflow just
before the usual flowering period for this species, as
found by McGonigle & Fitter (19885) at the same
field site. In contrast, species such as P. lanceolata
and R. acetosa exhibited highly irregular patterns of
nutrient uptake which cannot be attributed to a
specific period in the growth season.

From the results of this study it is impossible to
establish exactly when nutrients were taken up from
soil (whether by roots or by VAM fungi), because
plant nutrient content was measured in shoots only,
the roots having been used for mycorrhizal as-
sessment. Thus, it is possible that the timing of

nutrient uptake into the roots could occur some time
before transfer to the shoots. This increases the
difficulty in detecting a relationship between in-
fection levels and nutrient uptake. \

The relationship between infection density and P
inflow might be further obscured by the presence of
several VAM fungal species; possibly jointly infect-
ing a single root system (McGonigle, 1987;
Rosendahl, Rosendahl & Sochting, 1990; Sanders,
1990; Sanders & Fitter, 1992). If VAM fungal
species differ in P uptake rates, then variation in P
inflow to plants could be due to changes in the
relative abundance of VAM fungal species. Some of
these species may give little nutritional benefit to the
plant. Theoretical support for the persistence of
non-functional infections is provided by cost—benefit
analysis of VAM infection (Fitter, 1991). Evidence
for this also exists from field investigations.
McGonigle (1987) showed that the relative abun-
dance of coarse and fine endophytes in the roots of
H. lanatus changes over time, the fine endophyte
probably being Glomus tenue, which rarely produces
a growth response in the host (Powell, 1979).

Until more field-based investigations quantify
VAM infection in terms of infection units and more
knowledge is gained on the occurrence and efficiency
of different fungal types little progress can be made
to establish the role of VAM in natural communities.
However, the fact that mycorrhizal plants apparently
exhibit low P uptake rates during most of the growth
season, with occasional periods of rapid uptake,
suggests that mycorrhizas play an important role in
plant nutrition at certain times of the year. At
present, explanations of the functioning of VAM
under natural conditions remains speculative owing
to the failure to relate P uptake to functional
measures of VAM infection in the field.
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