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Abstract

The study investigated the possibilities of promoting utilization of arbuscular mycorrhiza (AM) in crop P nutrition
in Northern European conditions by decreasing P fertilization. The effect of two contrasting long-term P fertiliza-
tion regimes on fungal (AMF) infectivity, on contribution of AM to crop growth and nutrient uptake, and on P and N
responses was investigated in bioassays in a growth chamber with the original field soil. A control with suppressed
AM was successfully created by benomyl application. Functional properties of the field AMF communities were
compared after back- and cross-inoculation to the irradiated field soils. The two long-term field experiments that
were utilized represented clay and loam soils and P levels from low to high. The results show that annual dressings
of soluble inorganic P fertilizers, even in moderate amounts, decrease the infectivity and effectiveness of AMF
communities of Northern European field soils. The functional properties of the communities also seem to adapt
to the different P regimes. Moderate P fertilization generally decreases the total AM benefit to crops and can lead
to growth depression by AM. At the lower end of the P supply of Nordic field soils, however, AM may at least
transiently impose a net cost to crops with a high P demand such as flax or with a low dependency on AM such
as barley. The impact of the P history on AM was not related to plant P nutrition only. Mycorrhization can be
immediately improved by omitting P application.

Introduction

The present phosphorus (P) management is one of
the main obstacles to sustainable development of food
systems. P deposits are a finite resource and their util-
ization in fertilizers causes local environmental haz-
ards and contributes to the depletion of fossil energy
sources and thus to air pollution and climatic change.
Simultaneously, P loss from agricultural soils plays a
major role in the devastation of aquatic ecology. Ef-
fective utilization of P in field soil and in recycled
organic matter by biologically-mediated soil processes
would be a more sustainable strategy for P nutrition of
crop plants. For that strategy, one of the key phenom-
ena to manage is arbuscular mycorrhiza (AM). AM
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has the potential to make cultivation successful at a
lower soil P level through more effective exploitation
of the released P and it reduces P losses to water also
by improved soil structure (Tisdall and Oades, 1979;
Tisdall, 1991) which decreases erosion (Reganold et
al., 1987).

One major factor affecting AM is the soil P supply.
A high soil P level not only decreases plant depend-
ence on AM, i.e. the benefit of AM in relation to the
cost for the plant, but also limits formation of AM
mainly through elevated plant P concentration (Menge
et al., 1978; Sanders, 1975) which reduces the growth
rate of infection units, the production of secondary
external hyphae (Bruce et al., 1994) and spore ger-
mination (De Miranda and Harris, 1994). An elevated
soil P level could thus cumulatively decrease the size
of the AMF community. Because of variation in sens-
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itivity to P among AMF (Sylvia and Schenck, 1983;
Thomson et al., 1986), an increase in soil P supply
could also change the community structure and thus its
functions and benefit to the crop. Despite the import-
ance of these hypothetical ramifications, only a few
studies have been reported on the long-term effects
of cumulative P fertilization on AM. Johnson (1993)
and Gryndler and Lipavsky (1995) observed a negative
impact of cumulative P fertilization on AMF infectiv-
ity and effectiveness together with a change in AMF
species composition. Porter et al. (1978), using two
replicates only, observed no response. Thingstrup et
al. (1998) showed a decrease in AMF infectivity and
benefit of AM to flax with elevated soil P levels in the
field. The impact of P on mycorrhization depends on
N supply as well (Sylvia and Neal, 1990).

The objective of the present study was to elucid-
ate possibilities to promote AM utilization in crop
P nutrition in Northern European conditions through
decrease in P fertilization. The hypothesis was that cu-
mulative P fertilization reduces effectiveness of AM.
The effectiveness of AM was determined in terms of
the crop growth and nutrient uptake of three agronom-
ically relevant plant species with different dependence
on AM. The influence of cumulative P fertilization
on the P response of AM, on formation of AM and
on functioning of the indigenous AMF communities
was also investigated. Besides, the immediate effect
of omitting P application and halving N fertilization
was elucidated. Use was made of two long-term field
experiments representing contrasting soil types with
low and intermediate P availabilities. Two different
bioassays were employed, one to achieve valid non-
mycorrhizal controls which is not always successful in
the field, to enable assessment of effectiveness of AM
in the original field soils with contrasting P fertiliza-
tion histories (Bioassay 1), and the other to compare
the AMF communities from these soils with different
histories through inoculation of the communities to
identical, irradiated soils (Bioassay 2).

Materials and methods

Soil samples from long-term experiments

The soil samples for the bioassays in the growth cham-
ber (Bioassays 1 and 2 below) were taken from two
long-term P fertilization experiments initiated in 1977.
In both experiments, two P fertilization levels, 0 and
45 kg P ha−1 a−1 (0P and 45P, respectively), were

applied in a randomized complete-block design with
four blocks. One of the experiments was situated on
loam of intermediate P availability at the North Savo
Research Station of the Agricultural Research Centre
of Finland at Maaninka (63◦ 09′ N, 27◦ 19′ E). The
other was on clay of low P availability at the Southw-
est Finland Research Station at Mietoinen (60◦ 35′ N,
21◦ 53′ E). Both experiments involved a cereal rotation
with autumn ploughing, with barley and oats the crops
at Maaninka and barley, oats and spring wheat (rape
in 1985 and 1992) the crops at Mietoinen. At the start
of the experiments in 1977 at Maaninka, the soil con-
centrations of Ptotal, PNaHCO3 and PH2O were 1.88
g kg−1, 43.6 mg kg−1 and 11.4 mg kg−1, respect-
ively. The corresponding concentrations at Mietoinen
were 1.04 g kg−1, 33.4 mg kg−1 and 4.6 mg kg−1.
Between 1977 and 1988, at both locations, P was given
as superphosphate (9% P), and thereafter, as double
superphosphate (20% P). The annual rate of nitrogen
(N) application varied from 50 to 80 at Maaninka and
99 to 115 kg N ha−1 a−1 at Mietoinen. Potassium (K)
was given at the rate of 75 kg−1 ha−1 a−1 at Maaninka,
but no K was applied at Mietoinen. Soil properties at
the soil sampling for the bioassays are presented in
Table 1.

After the soil sampling for the bioassays, a field as-
say (reported separately, Kahiluoto et al., 2000b) was
established within each of the two long-term experi-
ments. Fertilization treatments for the field assay were
the same as for Bioassay 1 in Maaninka (Table 2). To
enable comparison of the results of Bioassay 1 with
those of the field assay, soil for the treatments in pots
was taken from plots with corresponding fertilization
treatment in each block in the field. Accordingly, there
were four soil samples for each management history
and block. For Bioassay 2, one sample per manage-
ment history and block was taken from the whole plots
of the 0P and 45P long-term field treatments. For both
Bioassay 1 and Bioassay 2, five subsamples were col-
lected from the plough layer (0–20 cm) on 12 or 13
May 1997, and combined into one composite sample.

Bioassay 1, Maaninka
The impact of the two P fertilization histories of the
Maaninka long-term field experiment (0P and 45P) on
mycorrhizal infectivity, effectiveness and P response
(Abbott and Robson, 1984) was studied in a bioassay
on flax. The impact of omitting the last P application
in soil with annual P dressings, as well as the depend-
ence of the P effect on N supply and the crop, were
also studied. The treatments are presented in Table 2.
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Table 1. Properties of the soils in the long-term field experiments. The values are means for four composite samples, one sample from each block
collected in July 1997

Soil texture % Organic Exchangeable cations

Clay Silt Sand matter pHCaCl2 Ca K Mg Ptotal PNaHCO3 PH2O Ntotal NNH4+ NNO3−
<2µm 2–63µm >63µm % mg kg−1 g kg−1 mg kg−1 % mg kg−1

Maaninka

0 kg P ha−1 a−1 8 50 42 2.79 5.35 1445 95 112 1.75 25.3 5.4 0.118 3.0 0.4

45 kg P ha−1 a−1 " " " 2.95 5.33 1518 86 107 1.95 61.1 18.8 0.139 3.2 0.4

Mietoinen

0 kg P ha−1 a−1 74 22 4 3.49 6.44 2221 357 825 0.94 19.1 2.5 0.189 19 69

45 kg P ha−1 a−1 " " " 3.59 6.57 2505 359 781 1.11 59.6 9.5 0.197 24 80

Table 2. Fertilization treatments of Bioassay 1. For Maaninka, all the treatments
were included for flax but only those with the bolded sign for clover. For Mietoinen,
only the treatments with the bolded sign where included, all for flax, clover and
barley. For each treatment, there was a control with AM suppressed by benomyl

Cumulative P P dose in the bioassay Treatment N dose in the bioassay

kg ha−1 kg ha−1 code Full Half

0 kg P ha−1 0 0P+0P x x

45 0P+45P x

90 0P+45P x

45 kg P ha−1 0 45P+0P x
45 45P+45P x x

90 45P+90P x

There were eight fertilization treatments, but since red
clover was included as an additional test plant in three
of them, there were 11 treatments altogether, plus for
each treatment, the control with AM suppressed by
benomyl. The soil for clover and flax was collected
from the same plots in the field. The bioassay for ef-
fectiveness of AM was developed earlier using partly
the same and partly similar soils and several indi-
genous AMF communities (Kahiluoto et al., 2000a;
Kahiluoto and Vestberg, 2000). The creation of a valid
and relevant control was successful in this study, too,
as confirmed by the inhibited colonization and lack of
changes in soil P or N contents of the control. The
percentage root length colonized ranged from 0 to 5 in
the pots treated with benomyl.

One-litre (7×26 cm) black PVC pots without
drainage were used. The soil mixtures were carefully
prepared, separately for each pot. Each pot contained
750 g dry soil. Nutrient amounts corresponding to the
long-term field experiment were applied, calculated

per pot surface area. N was applied as ammonium ni-
trate containing 26% N, 1% K, 3% Ca, 1% Mg, 3%
5, 0.02% B and 0.001% Se (Suomensalpietari, Kemira
Oy, Finland) corresponding to 80 kg ha−1 in full dose
and 40 kg ha−1 in half N dose, and K was applied as
potassium sulfate (40% K, 17% S) (Kaliumsulfaatti,
Kemira Oy, Finland). N and K were diluted in water
and applied as a drench. For clover no N was used. Su-
perphosphate (8.5% P, 20% Ca, 11% S) was mixed dry
with a small amount of dry field soil and incorporated.
The resulting mean contents of soil PH2O (the range
for the four blocks in parentheses) were 6.0 (4.2–7.4),
6.2 (4.9–7.2) and 7.9 (7.2–8.9) for 0P+0P, 0P+45P
and 0P+90P, respectively, and 14.5 (11.5–16.5), 15.1
(14.2–5.6) and 17.9 (14.2–18.6) mg kg−1 for 45P+0P,
45P+45P and 45P+90P, respectively. Benomyl in Ben-
late (E.1. du Pont de Nemours & Co. Inc., USA) 20
mg a.i. (kg soil in target moisture)−1 was suspended
in water (667 mg l−1) and incorporated into the soil.
Benomyl had no measurable effect on soil P or N con-



194

tent. Water was added simultaneously up to 50% of the
water-holding capacity.

The test plants were linseed flax (Linum usita-
tissimumL.) cv. Linetta (Deutsche Saatveredelung,
Lippstadt-Bremen GmbH) and red clover (Trifolium
pratenseL.) cv. Jokioinen (Agricultural Research
Centre of Finland). Seven pre-germinated seeds per
pot were sown immediately after preparing and potting
the soil mixture, and thinned to three seedlings per
pot after emergence. The pots of the treatments were
organized in the growth chamber into four blocks rep-
resenting the four field blocks from which the soil was
sampled, so that each treatment was represented once
in every block. Within the blocks, the pots with and
without benomyl having the same P fertilization his-
tory by P and N dose by crop combination were paired
together. These pairs of pots were located at random
and circulated daily. The temperature was 24/16◦C
± 3 ◦C. Artificial lighting provided by 36 W Gro-
Lux Fluorescent Tubes (Sylvania, Germany), with a
radiation spectrum effective for photosynthesis, was
used with a 16-h day length. At the height of the seed-
lings, the light intensity was 80 – 100 and at the top
of the harvested plants 135 – 170µmol s−1 m−2. CO2
concentration in the air varied from 510 to 560 ppm at
noon and the relative humidity was 55 – 65%. The pots
were watered daily to the individual target weight. The
experiment was harvested 28 days after sowing. The
root system was sampled for determination of AMF
colonization.

Bioassay 1, Mietoinen

Only the effect of the P fertilization history and the
effect of omitting the last P dressing (0P+0P, 45P+45P,
45P+0P) were studied in the bioassay for Mietoinen
(Table 2). In addition to the test plants of Bioassay 1
for Maaninka (flax and red clover), barley (Hordeum
vulgareL.) cv. Artturi (Boreal, 1994) was included in
Bioassay 1 for Mietoinen (the long-term experiment
at Maaninka had elsewhere been assessed using bar-
ley, as described in Kahiluoto and Vestberg, 2000).
Thus, there were three fertilization treatments and nine
treatments in total in Bioassay 1 for Mietoinen, plus
the benomyl-treated control for each treatment. Soil
for the different test plants was taken from the same
field plots. The mean soil PH2O contents after fertiliz-
ation in the bioassay (the range for the four blocks in
parentheses) were 2.8 (2.5–3.4), 5.7 (4.9–5.9) and 7.8
(6.4–11.4) mg kg−1 for 0P+0P, 45P+0P and 45P+45P,
respectively. Benomyl did not affect the soil nutri-

ent content, and the percentage root length colonized
ranged from 0 to 2 in the pots treated with benomyl.
The N dose was 109 kg N ha−1, and no K was applied.
Otherwise the experiment was similar to Bioassay 1,
Maaninka.

Bioassay 2, Maaninka

The difference in infectivity and effectiveness of the
AMF communities from soils with the two different P
fertilization histories, and the dependence of the dif-
ference on the soil conditions, was investigated in an
experiment with back- and cross-inoculations. Ten per
cent of each soil sample was separated and stored at 5
◦C for use as the microbial inoculum. The remaining
parts of the soil samples were packed in plastic and
paperboard in 5 cm layers and irradiated in a moist
state by 10 kGy at Kolmi-Set Oy (Ilomantsi, Finland).
Besides irradiated soil (0P and 45P), there were three
other factors in the experiment: Inoculum soil (0P and
45P), inoculum amount (5 and 10%) and plant (flax
and clover, see above). Thus, there were 16 irradiated
soil by inoculum soil by inoculum amount by test plant
combinations. These combinations were completely
randomized into 16 pots in four blocks corresponding
to the blocks in the field.

The difference in effect on plant growth and nutri-
ent uptake between the inocula from 0P and 45P soil
was interpreted as due to AMF. This assay was tested
earlier (Kahiluoto et al., 2000a) and found appropriate
for investigations of this kind. In these earlier experi-
ments, a negative plant response to AM as well as any
plant response to non-mycorrhizal microbiota was ex-
cluded under similar conditions (AMF, P, N, soil etc.)
with flax. Therefore, a non-mycorrhizal control or a
control with a non-mycorrhizal microbial inoculum
was not included in this bioassay. There was no meas-
urable difference in P content between soils inoculated
with 0P and 45P soil, which thus did not confound the
comparison in the present study either.

After the soil irradiation, 5 or 10% w/w (dry
weight) soil of the nonirradiated 0P and 45P soils,
with their AMF communities, was back- and cross-
inoculated to the irradiated 0P and 45P soils. The
PH2O content of the 0P and 45P soils was 4.1 and
14.5 mg kg−1, respectively, and the corresponding
NNH4

+, and NNO3
− contents were 22 and 1.6 mg

kg−1. Otherwise, the experiment was similar to Bioas-
say 1, Maaninka, except that there was no fertilization
due to the nutrient flush by partial sterilization. The
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soil amount per pot was 750 g dry weight with water
added to 47% of the water-holding capacity.

Bioassay 2, Mietoinen
Bioassay 2 for the long-term experiment in Mietoinen
was similar to that for the experiment in Maaninka
except that only one amount of untreated soil, 5%
w/w dry weight, was used as the inoculum. Thus, the
factors in the experiment were irradiated soil (0P and
45P), inoculum soil (0P and 45P) and plant (flax and
clover). The PH2O content of the 0P and 45P soils was
2.3 and 5.0 mg kg−1 and the NNH4

+ and NNO3
− con-

tents for both were 19 and 4.2 mg kg−1, respectively.
The amount of soil was 650 g dry weight per pot with
water added to 58% of the water-holding capacity.

Analyses

Soil pH was determined from 0.01 M CaCl2 extraction
(Ryti, 1965), the content of plant-available soil P by
water extraction (Van der Paauw, 1971) and by sodium
bicarbonate extraction (Olsen et al., 1954), total P con-
tent of soil by wet digestion with concentrated H2SO4,
H2O2 and HF, and exchangeable cations by 1 M am-
monium acetate (Thomas, 1982). Measurement of P
and exchangeable cations was by inductively coupled
plasma spectrometry (ICP) by ARL 3580 GES. The
soil mineral N content was determined in frozen (–18
◦C) samples, extracting with 2 M KCl and measuring
the NNH4

+ and NNO3
− concentrations colorimetric-

ally with a Skalar autoanalyser (Keeney and Nelson,
1982; Linden, 1981).

To assess soil infectivity, the percentage root
length colonized was determined from a representative
sample of the root system after clearing with KOH
(Kormanik and McGraw, 1982) and staining with
methyl blue (Grace and Stribley, 1991) by the gridline
intersect method (Giovannetti and Mosse, 1980). The
shoots were cleaned and dried at 60◦C. Plant P, K, zinc
(Zn), copper (Cu) and sulphur (S) contents were de-
termined by wet burning and ICP (Huang and Schulte,
1985). The relative mycorrhizal effectiveness (RME)
is presented as the relative mycorrhizal contribution
to the growth (or nutrient uptake) of the mycorrhizal
plant as defined by the following formula:

RME(%) = [(Ymyc+ − Ymyc−)/(Ymyc+)] × 100

whereYmyc+ andYmyc− are the dry weights (or nutri-
ent uptake rates) of the mycorrhizal treatment and the
control with inhibited AM functioning, respectively.
The absolute AM contribution is, correspondingly, the

difference in growth or nutrient uptake between the
mycorrhizal treatment and the control with inhibited
AM.

Statistical methods

In Bioassay 1 for the Maaninka field, a preliminary
examination of the data on RME in terms of shoot dry
weight and nutrient uptake rates revealed that the ob-
servations on clover were more variable than those on
flax. An exception was the RME in terms of shoot Zn
uptake, for which the spread of data was larger on flax.
Hence, the data for the two plant species were mod-
elled separately. The model employed in the analyses
was a mixed model for a randomized complete-block
design where fertilization treatment was a fixed ef-
fect, and block and experimental error were random
effects (Model 1). Again in Bioassay 1 for Mietoinen,
the data for clover showed more variability than that
for the other two plants. The observations were also
much more variable than the corresponding observa-
tions in Maaninka. The data for clover were, therefore,
analysed on their own, using Model 1. The data for
flax and barley were analysed together. To take into
account that the soil for the pots of the two plants
originated from the same subplots in the field, the stat-
istical analyses of the RME variables were based on
the following model (Model 2):

Yijk = µ+ bi + Fj + cij + Pk + Pjk + eijk

whereyijk is the observation for fertilization treatment
j and plantk in block i; µ is the overall mean;b is the
random block effect;F, P andFP are the fixed effects
for fertilization treatment, plant and their interaction,
respectively; andcij andeijk are the random errors.
The random variablesbi , ci andeijk are all assumed
to be independent and normally distributed with zero
means and variancesσ 2

b , σ 2
c andσ 2, respectively.

The data for clover and flax were analysed sep-
arately also in Bioassay 2 for Maaninka because of
heterogeneous variances. For both plants the statistical
analyses of shoot dry weight, nutrient concentrations
and uptake rates were based on the following model
(Model 3):

Yijkl = µ+ bi + Sj + Ik + Al + SIjk + SAjl + IAkl

+SIAjkl + eijkl

whereYijkl is the observation for soilj inoculated to
irradiated soilk using amountl in block i; µ is the
overall mean;b is the random block effect;S, I and
A are the fixed effects of inoculum soil, irradiated soil
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and inoculum amount;SI, SAandIA are the two-factor
interactions of the fixed effects;SIAis the three-factor
interaction effect, andeijkl are the random errors. The
random variablesbi and eijk are assumed to be in-
dependent and normally distributed with zero means
and variancesσ 2

b andσ 2, respectively. Bioassay 2 for
Mietoinen was otherwise a similar experiment, but in-
oculum amount was not included as a factor. Instead,
in the models of shoot dry weight, P concentration
and P uptake, inoculum amount was replaced by plant.
Because of variance heterogeneity for all the other nu-
trient concentrations and uptake rates, clover and flax
were analysed separately using Model 3 without the
terms related to inoculum amount.

All models were fitted using the residual maximum
likelihood (REML) estimation method. If there were
zero variance component estimates, a Satterthwaite
method was used to calculate degrees of freedom (Lit-
tell et al., 1996). Accordances of the data with the
distributional assumptions of the models were checked
with graphic plots. The equality of the spreads across
groups was assessed by the spread-level plot (SAS,
1991) and the residuals were checked for normal-
ity using the box plot (Tukey, 1977). Furthermore,
the residuals were plotted against the fitted values. If
the assumptions of the model are adequate, such a
plot should have the appearance of a random scatter
of points. Planned comparisons between means were
made by two-sidedt-type tests or 95% confidence in-
tervals (CI). If the 95% CI does not include zero, the
difference between means is statistically significant at
the 5% level. The analyses were performed by the
MIXED procedure of the SAS/STAT software (Littell
et al., 1996).

The statistical analyses of the number of infected
roots out of 100 intersections for treatments with no
benomyl were based on the generalized linear mixed
model (Littell et al., 1996), which is an extension of
the mixed model to accommodate non-normally dis-
tributed errors. In Bioassay 1 for Maaninka, only the
data for flax were modelled. We assumed thatYijk , the
number of infected roots in theijkth block by fertiliz-
ation history by P application treatment combination,
was binomially distributed with parametersn andπ ijk ,
wheren is the total number of intersections (n=100)
and π ijk is the probability of occurrence of mycor-
rhizal colonization for a root segment. Further, the
model included a logit link function and was thus of
the following form (Model 4):

log[πijk/(1− πijk)] = m+ bi + Hj + Tk + HTjk

wherem is the intercept;b is the random block effect;
andH, T andHT are the fixed effects of fertilization
history, P application treatment and the interaction of
these, respectively. The block effects are assumed to
be normally and independently distributed with zero
means and constant variances. As there was more
variation in the data than could be attributable to the
usual binomial mean–variance relationship, an extra-
dispersion parameter was included in the model. In
Bioassay 1 for Mietoinen, the infectivity of clover and
flax was analysed together by using a generalized lin-
ear mixed model analogous to Model 2. In Bioassays
2 the data for flax were analysed, and for Maaninka
the model employed was analogous to Model 3. For
Mietoinen, a modification of Model 4 was used, in
which the fixed effects were inoculum soil, irradiated
soil and their interaction. In each analysis, checking
for systematic departures from the model was done by
plotting the Pearson residuals against 2sin−1√ fitted
values. The adequacy of the link function was assessed
by plotting the estimated linear predictor against the
adjusted dependent variable (McCullagh and Nelder,
1989). Comparisons between groups were made by
two-sidedt-type tests. The analyses were performed
by the GLIMMIX macro of the SAS/STAT software
(Littell et al., 1996).

Results

Some individual observations were lacking due to oc-
casional technical difficulties. Some data included ob-
servations whose discrepancy could not be explained.
However, their influence on the results was examined
by analysing the data with and without them and in
most cases, the influence was not considered essential.
Thus, except where mentioned, the results presen-
ted are for the whole data. In some cases, especially
for clover with high variation between the individual
plants, wide confidence intervals indicated that the
differences were not well established by the data.

Mycorrhizal infectivity and effectiveness (Bioassay 1)

Impact of the cumulative P dressings
Cumulative P fertilization decreased the AMF in-
fectivity of the field soil, but the effect on effective-
ness of AM depended on the soil and its P status
as well as on the host plant. The difference in per-
centage root length colonized between 0P+0P and
45P+45P (Table 3) was statistically significant for
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Table 3. Effect of cumulative P fertilization on estimated per-
centage root lengths colonized in Bioassay 1 (95% CI for the
estimates in parentheses). The number of observations (n) in
each group was four, except for 0P+0P for flax at Mietoinen
wheren=3

Experiment Treatment Root length colonized, %

Flax Clover

Maainka 0P+0P 36 (+32, +41) a

45P+45P 27 (+23, +31) a

Mettoinen 0P+0P 25 (+15, +39) 11 (+6, +19)

45P+45P 18 (+11, +30) 4 (+2, +9)

aFor clover in Maaninka, the infectivities measured for four
pots were 0, 2, 2, 3% in 0P+0P and 0, 0, 1, 27% in 45+45P.

flax in Maaninka (p=0.04) and a similar tendency
was observed in Mietoinen soil (p=0.09) for both flax
and clover (F2,7=0.89, p=0.45 for treatment× plant
interaction).

When the results for the Maaninka and Mietoinen
soils are considered together (Figures 1b,d and 2b,
d, Table 4), it turns out that the contribution of AM
to plant growth and nutrient uptake increased as the
soil P supply decreased towards a threshold level,
below which the contribution of AM decreased and
the growth effect was negative. Also, above a cer-
tain soil content of extractable P, the plant response
to AM became negative. The lower threshold for pos-
itive response to AM was achieved by barley with
low mycorrhizal dependency (MD) in Mietoinen soil
with lowest P content, and it tended to be met by flax
with high P demand, but not by clover with its low
P demand. The upper threshold was met by clover
in both soils and by barley in Maaninka soil with in-
termediate or high P. The range of the soil P content
with positive response to AM was larger for P uptake
than for growth. The differences in RME, i.e. in the
relative mycorrhizal contribution to plant growth and
nutrient uptake, were similar to those of the absolute
contribution.

The higher P demand of flax than of clover was
shown by the clearly positive response of flax growth
with suppressed AM even to +90P in 45P soil from
Maaninka, whereas clover with suppressed AM did
not show positive response even to +45P (Figure 1a).
The P response of barley growth was higher than that
of clover in Mietoinen soil (Figure 1c). The maximum
AM benefits were obtained by flax and the minimum
benefits by barley indicating their difference in MD
(Figures 1b, d and 2b, d). The actual superiority of

the benefit between the plant species, however, cru-
cially depended on the P supply and soil with its AMF
community. The RME for flax was notably higher
in Maaninka soil than in Mietoinen soil at the same
content of extractable P, in accordance with the dif-
ference in colonization. In contrast, the response of
clover to AM was fairly similar in the two soils at the
same content of extractable P indicating a difference in
the functional compatibility of the two crops with the
AMF communities of the two fields. Also, the range
of the soil P content with positive response to AM
varied with the plant species, being broadest for flax
with highest MD and narrowest for barley with lowest
MD.

The relative contribution of AM was most notable
in the uptake of P (Figure 2b, d), Cu and Zn. The
maximum mean for RME was 61 and 51% for uptake
of Cu and Zn (standard error of mean (SEM) 5.4 and
9.2), respectively. Even a slightly higher RME than for
P uptake was observed for Cu uptake (38 v. 49%, SEM
8.3 and 5.4, respectively) in conditions where P did not
limit growth (Maaninka, 45P+45P, flax). In Mietoinen
soil with low P availability, however, the effect of AM
on P uptake overwhelmed the other AM effects. The
AM contribution to uptake of nutrients other than these
was largely a secondary effect through the increase in
P uptake and growth, since the contribution of AM to
their uptake was of the same magnitude as to growth,
or lower. The difference between the P histories in up-
take of nutrients other than P was in most cases similar
to the differences in growth and P uptake. However,
in Mietoinen 0P+0P where P strongly limited barley
growth, the relative contribution of AM was not-
ably lower for the other nutrients (–80 - 67%, SEM
19.9 and 21.2, respectively) than for P and growth
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Table 4. Differences between 0P+0P and 45P+45P in the estimated means for RME in terms of shoot dry weight and P uptake in Bioassay 1
(95% CI for the differences in parentheses). Differences that are statistically significant at 5% level are bolded

Experiment Difference in

RME in terms of dry weight, % RME in terms of P uptake, %

Flax Barley Clover Flax Barley Clover

Maaninka +30 (+12, +48) +30 (–6, +66,p=0.09) +26 (+5, +46) +36 (–1, +72,p=0.05)

Mietoinen –39(–78, –1)a +44 (–51, +139) –16 (–47, +16)a +47 (–28, +122)

a In the data for flax and barley the treatment× plant interaction was not statistically significant (F2,7.11 = 3.14,p=0.11 for dry weight, and
F2,6.02=3.68,p=0.09 for P uptake when two outliers due to incorrect observations were deleted).

(Figures 1d and 2d), and thus the difference between
the histories became larger for the other nutrients.

P response curves

The AMF community of 0P soil more effectively pro-
moted flax growth than did that of 45P soil. This was
indicated by the following findings. Comparison the
treatments in 0P and 45P soils with similar growth
of the mycorrhizal flax (0P+45P v. 45P+45P) showed
RME to be higher in 0P than in 45P soil (Figures 1a
and 2a). In addition, flax growth was higher in 0P+90P
than in 45P+45P and 45P+90P even though the P sup-
ply was higher in the latter treatments (p<0.03). The
less obvious difference between 0P+90P and 45P+0P
(30 mg, 95% CI=–19, +79) might be due to a qualitat-
ive effect not related to the change in soil P content
caused by omitting the last P application (see be-
low). The superiority of the AMF community from 0P
seemed not to be related to P uptake since the shoot P
concentration was lower in 0P+90P than in all three P
application treatments of 45P soil.

The highest P dose (+90P) was not sufficient to
compensate the AM effect on growth or P uptake by
flax in Maaninka soil, not even in 45P soil (Figures 1a
and 2a). Therefore, it was not possible to compare the
AM effect horizontally, i.e., to estimate how much P
is required for the same growth or P uptake of mycor-
rhizal and non-mycorrhizal flax in soils with the two P
histories. Moreover, since even the highest soil content
of extractable P increased the P uptake of flax with
suppressed AM in comparison to the lower P levels,
the existence of other than P benefits from AM could
not be evaluated.

Omitting a single P application

When the P application was omitted before sowing
in Bioassay 1 (45P+0P), soil PH2O content was de-
creased only slightly relative to 45P+45P. Despite
that, in cases where the P history had a clear impact

(Tables 4 and 5), the percentage root length colon-
ized was increased to halfway between that of 0P+0P
and 45P+45P. Moreover, RME was then higher in
45P+0P than in 45P+45P for P uptake but not always
for growth (Figures 1b, d and 2b, d) (Table 5).

Interaction with N
Halving the moderate N fertilization did not affect
the percentage root length colonized (p=0.26), but
increased the AM contribution to S uptake in the
annually fertilized soil (Table 6). In 45P+45P with
suppressed AM, halving the N dose drastically re-
duced shoot S concentration (observations 2.4, 2.4,
2.5, 2.5%) in comparison with full N dose (5.1, 6.1,
7.0, 7.5%). The same was not true with functioning
AM. Thus, in 45P+45P, the mean RME in terms of S
uptake was higher with half N dose (67%) than with
the full dose (14%), while in 0P+0P it was fairly high
with both N doses (61% for half dose and 53% for full
dose, SEM 7.0 for all means).

AMF communities (Bioassay 2)

Cumulative P fertilization tended to decrease the in-
fectivity and affect the functional properties of the
field AMF communities. Adaptation of the functional
properties of the AMF communities to the different P
regimes was indicated by differences in flax growth ef-
fect between the inocula with different P histories both
in Maaninka and in Mietoinen soil. These differences
were not related to the differences in infectivity of the
AMF communities. In Maaninka with an intermediate
initial P supply, flax shoot dry weight in irradiated
45P soil was higher for the inoculum from 45P soil
than for the inoculum from 0P soil (the means 233 v.
212 mg, SEM 12.9, for inoculum from 45P and 0P
soil, respectively) (Table 7). This was true despite a
tendency to an opposite difference in percentage root
length colonized in the irradiated soils (18 v. 13% for
inoculum from 0P and 45P soil, respectively).



201

Table 5. Differences between the omission of a single P application and the annual P regimes in the estimated means for RME in terms of
shoot dry weight and P uptake in Bioassay 1 (95% CI for the differences in parentheses). Differences that are statistically significant at 5%
level are bolded

Exp. Comparison RME for dry weight, % RME for P uptake, %

Flax Barley Clover Flax Barley Clover

Mka 45P+0P v. 0P+0P –10 (–28, +8) –25 (–61, +11) –6 (–27, 15) –20 (–56, +17)

" v. 45P+45P +20 (+3, +38) +6 (–30, +42) +20 (–1, +40,p=0.06) +16 (–20, +53)

Mie 45P+0P v. 0P+0P +51 (+13, +90)a –9 (–112, +94) +36 (+5, +68)a –39 (–120, +41)

" v. 45P+45P +12 (–26, +51)a +35 (–68, +138) +20 (–11, +52)a +8 (–73, +89)

a In the data for flax and barley, the treatment× plant interaction was not statistically significant (F2,7.11 = 3.14,p=0.11 for dry weight, and
F2,6.02=3.68,p=0.09 for P uptake when two outliers due to incorrect observations were deleted).

Table 6. Differences between the full and halved N dose in the estimated means for RME in
terms of shoot dry weight and uptake of P and S of flax within the annual P regimes of Maaninka
in Bioassay 1 (95% CI for the differences in parentheses). Differences that are statistically
significant at 5% level are bolded

P fertilization Difference in

RME for dry weight, % RME for P uptake, % RME for S uptake, %

0P+0P +1 (–17, +19) –1 (–21, +20) –8 (–28, +12)

45P+45P +5 (–13, +23) –9 (–30, +12) –53(–73, –32)

Table 7. Differences between the AMF communities from 0P and 45P soil in the means for percentage root length colonized and in the
estimated means for RME in terms of shoot dry weight and P uptake, when inoculated to the irradiated soils in Bioassay 2 (95% CI for
the differences in parentheses). Differences that are statistically significant at 5% level are bolded

Experiment Irr. soil Differences in

Colonization, % dry weight, mg P uptake,µg

Flax Clover Flax Clover Flax Clover

Maaninka 0P +5 (p=0.09) a +4 (–14, +23) +3 (–13, +19) +81 (–16, +179) +37 (–13, +88)

45P " " –22(–40, –3) +19 (+3, +36) –25 (–122, +72) +50 (0, +100)

Mietoinen 0P ±0 (p=0.9) b +17 (+4, +31) +1 (–17, +19) +4 (–33, +41)c

45P +9 (p=0.06) " –11 (–26, +4) +6 (–11, +24) +12 (–24, +48)c

Irradiated soil× inoculum interactions:

Maaninka, dry weight, flax F1,21=4.20,p=0.05

Maaninka, Dry Weight, clover F1,20=2.20,p=0.15

Maaninka, P uptake, flax F1,21=2.59,p=0.12

Maaninka P uptake clover F1,19=0.13,p=0.72

Maaninka, colonization, flax F1,24=0.01,p=0.93

Mietoinen, dry weight, flax F1,8=10.53,p=0.01d

Mietoinen, dry weight, clover F1,7=0.24,p=0.64

Mietoinen, P uptake, flax and clover, F1,18=0.11,p=0.74c

Mietoinen colonization, flax F1,9=2.09,p=0.18

aLow colonization with no conclusive differences between the inocula.bThe infectivities measured for three and four pots were 4, 8,
17% and 1, 1, 3,3% for inocula from 0P and 45P soil, respectively.c In the data for flax and clover the irradiated soil× inoculum×
interaction was not statistically significant for P uptake (F1,18=0.00,p=0.99).dOne outlier due to an incorrect observation was deleted.
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In Mietoinen soil with a low P supply, an oppos-
ite difference between the inocula from 0P and 45P
soil was found when inoculated to the irradiated 0P
soil. The inoculum from 0P soil resulted in higher
flax shoot dry weight than the inoculum from 45P
soil (means 90 v. 72 mg, SEM 5.6) (Table 7). How-
ever, there was a similar tendency with Maaninka soil
when inoculation was to Mietoinen irradiated 45P soil:
Growth was higher for the 45P than the 0P inoculum
(p=0.11). Similarly to Maaninka soil, these effects can
hardly be explained by differences in the infectivity
since there was no evidence of difference in coloniza-
tion on flax for the 0P and 45P inocula in 0P (p=0.89),
and soil from 0P tended to be more infective in 45P
soil. Indication of P effects on the functional prop-
erties of the AMF communities appeared in clover,
too. However, the lack of relation to differences in
infectivity was less evident than for flax.

The differences in flax growth effects between the
inocula seemed to be related neither to P, nor to Cu
or Zn nutrition in Maaninka soil, and not to Zn nu-
trition in Mietoinen soil. For P in Maaninka, this was
indicated by opposite effects on the concentration in
flax shoot by the inocula from 0P and 45P soil in
comparison to their growth effects (for Maaninka soil,
F1,21=7.22,p=0.01). The effects on the contents of Cu
and Zn were similar to the effects on P in Maaninka
soil.

There was a difference in compatibility for in-
fectivity on flax and clover between the AMF com-
munities from Maaninka and Mietoinen soils. Col-
onization of flax roots was higher for inocula from
Maaninka soil than from Mietoinen soil (means 16%
v. 8%, respectively), whereas the reverse was true for
clover (Table 7). This coincided with the differences
in total infectivity of the untreated soils in Bioassay
1, flax being more infected in Maaninka and clover in
Mietoinen soil (Table 2).

The inoculum amount of 5% w/w was sufficient
to show the differences between the inocula. These
differences could not be shown to depend on the
amount of the inocula (p>0.09 for the irradiated soils
× inoculum× inoculum amount interaction).

Discussion

In the present study on the impact of cumulative
P on AM, different organizational levels of the tri-
partite AM (plant-fungus-soil) (Mosse, 1986) were
considered. First, response of the host to prevention

of formation of AM indicated the total, direct con-
tribution of AM to crop growth and nutrient uptake
in field soil (Bioassay 1). The indirect effect of AM
on the crop through changes in soil factors caused
by AM at long term, however, is excluded in this
kind of comparison. Second, the effectiveness of the
fungal partner, the AMF communities with the dif-
ferent P histories, in the original soils at the same
plant growth level and P supply was illustrated by
half of the P response curves (Bioassay 1) (Abbott
and Robson, 1984). Third, the impact of the P history
on the functional properties of the AMF communities
was shown through back- and cross-inoculations to the
irradiated original field soils (Bioassay 2). The two
previously developed bioassays resulted in valid and
relevant comparisons in the present study. As regards
test plants, the genetic variation between clover indi-
viduals turned out to be so high that more pots per
group or more plants per pot would be advised.

The observed decrease in AMF infectivity of the
field soil by cumulative P fertilization is in accordance
with the results of Clapperton et al. (1997) and Thing-
strup et al. (1998), and is well established for the in-
crease in soil P availability more generally. The similar
differences in infectivity between the inoculated AMF
communities also coincide with previous comparisons
of indigenous inocula (Gryndler and Lipavsky, 1995;
Johnson, 1993). The differences between the inocula
were, however, less conclusive than those between the
untreated soils owing to the role of the plant P con-
centration in mycorrhization. The difference in AMF
infectivity most probably is due to a difference in size
of the community, but could indicate a difference in
the functional structure, too.

The demonstrated interaction between the impact
of the P history on AM effectiveness (i.e. on the con-
tribution to plant growth and nutrient uptake) and soil
P status is due to the relationship between AM be-
nefit and cost in terms of C (Fitter, 1991; Koide and
Elliot, 1989). When the soil P supply is not limiting,
AM often depresses growth (Buwalda and Goh, 1982;
Crush, 1976), and conversely. Other AM benefits, the
variation in C cost and its consequences (Tinker et
al., 1994), and the costs and benefits of the altern-
ative strategies available to the host, also affect this
upper threshold for positive AM response. Thus, the
threshold P contents for positive P responses are de-
termined by the effect of the soil P availability on the C
gained in relation to the C expended due to AM. Below
a certain threshold P level, growth could be limited so
much that the host-fungus competition for C causes
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plant growth depression at the start of growth. The
growth depression by AM at low P availability is often
transient (Bethlenfalvay et al., 1982; Koide, 1985). In
the most P-deficient plants, increased P uptake does
not lead to increased leaf P concentration and thus not
to increased photosynthesis (Fitter, 1991), while C is
used for fungal growth and metabolism. Additionally,
the fungal partner may directly compete with the host
plant for the P resources if the P supply is very low
(Crush, 1973).

The results demonstrate a notable variation
between the crops in both the location and the width of
the range of the soil P content with positive response
to AM. The location is mainly determined by the plant
P demand, while the width of the range and the max-
imum MD of the crop depend on several factors such
as the alternative P acquiring strategies (e.g. Baylis,
1975) and the ability to cover the C costs by AM. The
low MD of barley thus lifts the lower threshold P level
in relation to its P demand and increases the growth de-
pression by AM, in comparison to flax with its higher
P demand and MD. The range of the soil P content
with positive AM response seemed to be so narrow for
barley that exploiting the potential of AM on this crop
is not possible by P management but requires selec-
tion of genotypes or breeding (Boyetchko and Tewari,
1995; Hetrick et al., 1992, 1996). The possibility can-
not be excluded, however, that the AMF communities
on the studied fields with regular barley cultivation
were exceptionally incompatible with barley. Johnson
et al. (1992a) concluded that the dominant crop of
the system even may show least mutualism with the
evolved AMF community. If this is so, an appropriate
crop rotation could also enhance utilization of AM by
barley.

The functional compatibility of some crops
with the AMF communities in Nordic field soils
(Boyetchko and Tewari, 1995; Ravnskov and Jakob-
sen, 1995) seems to vary notably. This is suggested
both by the higher AM contribution to flax but not
to clover growth in Maaninka than in Mietoinen soil
at the same soil content of extractable P (Bioassay
1), and by the similar differences in infectivity of the
inoculated AMF from these fields (Bioassay 2). The
difference in compatibility for infectivity and effect-
iveness on flax and clover between the AMF com-
munities from Maaninka and Mietoinen can hardly be
explained by the cropping history of the fields since
neither clover nor flax had been grown on the fields for
at least 20 years. Instead, the difference in P demand
between the two plant species coincided with the dif-

ference in P availability of the field soils and the AMF
community that caused the higher root colonization
and growth effect for each (compare Johnson et al.,
1992b).

The direct contribution of AM to the uptake of P,
Cu and Zn seems to be of practical significance and
for Cu even higher significance than for P in condi-
tions where P does not limit growth. The contribution
of AM to uptake of the studied nutrients other than P
has been observed earlier, especially for Cu and Zn
(e.g. Kothari et al., 1990; Singh et al., 1986) but also
for K (Bethlenfalvay et al., 1989) and S (Rhodes and
Gerdemann, 1978).

The short-term effect of P fertilization was not
explained by the increase in soil P availability. The
freshly added P obviously caused a peak in plant
P concentration at growth initiation and suppressed
AMF colonization and function more than would be
expected from its effect on soil PH2O . It is the P
concentration within the plant and not in the soil that
leads to a reduction in mycorrhization (Menge et al.,
1978). If the addition of fresh P was omitted, form-
ation of AM was increased, but not necessarily the
growth benefit because of the higher C cost by the
higher mycorrhization.

The demonstrated increase in benefit of AM to S
uptake when N supply was halved in soil with cumu-
lative P fertilizations is not explained by a change in
S supply. This is because the S content of the N fer-
tilizer was low compared with the total S applied in
fertilizers in the bioassay, especially in the P-fertilized
soil. Instead, the increased benefit of AM might be
due to suppression of synthesis of S-containing amino
acids cystine, cysteine and methionine because of N
deficiency at the higher P level where P did not limit
growth. This deficiency would be avoided by mycor-
rhizal N uptake (Johansen et al., 1993). Effects of AM
on protein content have been shown (Bethlenfalvay et
al., 1997). The effect on N uptake or protein content
and quality could not be assessed in this study because
of the scarcity of plant material. Accordingly, this
relationship needs to be investigated in further studies.

We found that the P history affects the functional
properties of the AMF communities, in accordance
with the results of Johnson (1993). Adaptation of the
functional properties of the AMF communities to the
extreme P conditions of this study was indicated on
flax. The hypothesis that the AMF communities ori-
ginating from soil with higher P availability would be
less sensitive to P fertilization than those from soil
with lower P availability was thus supported. The find-
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ing is in accord with the results of Jasper et al. (1979)
and Sylvia and Schenck (1983). In contrast to this,
on the basis of slight evidence Johnson (1993) con-
cluded that fertilization selected AMF communities
that were inferior mutualists even in soil with high P
and N availability. This phenomenon is in need of fur-
ther elucidation. However, the indication that the ob-
served functional adaptation of the AMF community
at Maaninka to the high P supply was not related to
nutrient uptake, but could be related to differences in
C expenditure confirms with the observations of John-
son (1993). Changes in the functional properties of the
AMF communities can occur even intraspecifically, ir-
respective of changes in species composition (Morton,
1990).

The advantage achieved by the evolutionary adapt-
ation of the AMF communities to extreme contents
of extractable P did not compensate for the other
factors which reduced the AM effectiveness in those
conditions. This was indicated by the higher total
contribution of AM to plant growth in soil with the
opposite P history compared with the higher effect
of the AMF inoculum only, both for Maaninka and
Mietoinen for flax. In other words, the change in the
effectiveness of the AMF communities plays a minor
role in the total impact of the P fertilization history on
AM. The changes in other factors such as in size and
infectivity of the AMF community and in the direct
effect of soil P on mycorrhization, on P availability for
hyphal uptake and on plant dependency on AM, seem
to have more impact.

In this study, contrasting soil types and low and
intermediate P levels were represented, as well as
the coastal and inland climatic conditions of Nordic
agriculture. A similar long-term impact of P fertiliza-
tion could be expected in other northern conditions as
well. In contrast, determination of the critical P levels
for response to AM of practical value for different
crops requires field experimentation. The impact on
soil quality, such as on aggregate stability (Tisdall and
Oades, 1979), is an important aspect of effectiveness
of AM and should also be examined.

In conclusion, this study shows that annual dress-
ings with soluble inorganic P, even in moderate
amount, decrease the infectivity and effectiveness of
field AMF communities in Northern European condi-
tions. Cumulative P fertilization also appears to affect
the functional properties of the AMF communities and
their adaptation to the changing conditions. As a total
effect, moderate P fertilization of field soils gener-
ally decreases the contribution of AM to plant nutrient

uptake and growth. P fertilisation may even lead to
growth depressions by AM. On the other hand, at the
low end of P supply of Nordic fields, AM may cause
a net cost to crops with a high P demand such as flax,
or with a low ability to utilize AM such as barley. The
compatibility of the AM communities of Nordic field
soils with certain crops, e.g. with flax, varies widely,
thus influencing the effectiveness of AM in relation
to field soil P status. The impact of cumulative P fer-
tilization on AM in field soils is not related to plant
P nutrition only. Mycorrhization can be immediately
enhanced by omitting P fertilization.
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