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Summary-The legume Medicogo saris (alfalfa)( + R~~i~Qbiu~ melilofi) and Loliunz perenne (ryegrass) 
were grown. in a greenhouse. either alone or together in a soil and supplied with increasing amounts of 
soluble phosphate (P) with or without a vesicular-arbuscular inoculum (VAM). A small amount of 
‘JN-labelled ammonium sulphate was added to each pot to distinguish the sources of N in the plants. 

The more mycolrophic legume enhance VAM formation by the grass in the mixture at all rates of P 
additions. Regardless of the cropping system and the P concentration in soil VAM improved, in most 
cases, dry matter production and the competitive ability of the legume. In spite of that competition from 
ryegrass reduced alfalfa development with increasing P concentration in the soil. In general VAN 
increased nodulation and the concentrations of N and P in alfalfa. The lSN enrichment of plant shoots 
indicated that VAM improved N,-fixation in alfalfa at all rates of P. In mixed cropping, alfalfa derived 
almost all its N from fixation, but the total amount fixed was decreased by competition from ryegrass 
in the same pot. The apparent soil N pool size (A-value) for the grass growing alone was significantly 
higher in mycorrhizal pots and VAM actually increased the total amount of N that the grass derived from 
soil, supporting a role of VAM in N-uptake. In mixed cropping the various interactions acting on N 
nutrition of the grass probably mask observations of the actual mechanisms involved, but there was clear 
isotopic evidence of N-transfer from the legume to the grass in non-mycorrhizal. P-supplemented plants. 
Apparently VAM enhanced N-transfer in one out of four cases. 

INTRODUCTION 
Vesicular-arbuscular (VA) mycorthizas (VAM) are 
accepted to be one of the ecophysiological factors 
able to affect a balanced relationship between 
legumes and grasses growing in mixed communities 
(Munns and Mosse, 1980; Barea and AZ&n-Aguilar, 
1983). Because of the different degree of ability of 
both types of plants to compete for available nutri- 
ents, those factors favouring a balanced nutrition are 
important in mixed cropping systems of grasses with 
legumes (Haynes, 1980). There are several expla- 
nations to account for the role of VAM in such mixed 
plant stands. The main mechanism of VAM activity 
can be attributed to the extraradical hyphae of the 
fungal symbiont increasing the absorbing surface of 
the root. Because tegumes are, in general, more 
mycotrophic than grasses, and because the former 
have a poorer root system than the latter, VAM 
would compensate for the imbalance in the competi- 
tive capacity of these plants to take up less mobile 
nutrients, particularly phosphate. Consequently sym- 
biotic N?-fixation in legumes, the key process for 
N-input in the system, being dependent on P-supply, 
is improved by VAM (Barea and Az&-Aguilar, 
1983; Hayman, 1986). 

The use of “N isotope dilution methods are now 
widely applied to estimate the relative contribution of 
the three sources of N for legumes, i.e. atmosphere, 
soil and fertilizers (Witty. 1983; Chalk, 198.5; Ledgard 

ef al., 1985a; Danso, 1986; Phillips et al.. 1986; Vose 
and Victoria, 1986; Rennie, 1986; Steel and Littler, 
1987). Since the method allows one to assess if a given 
treatment influences plant N nut~tion by acting on 
N2 fixation or on N-uptake from the growth sub- 
strate, the technique is used not only to measure the 
effect of factors influencing N2 fixation rates in 
legume-Rhizobium associations but also to assess 
the influence of factors affecting interactions in 
legume-grass mixtures. Among the current research 
topics concerning these interactions are the study of 
plant competition for soil N (Butler and Ladd, 1985; 
Ismaili and Weaver, 1986; Morris and Weaver, 1987) 
or the assessment of a possible N-transfer from 
legumes to grasses (Ledgard er al., 1985b; Heichel 
et al., 1985; Butler, 1987; Ta and Faris, 1987). In 
particular, LsN-tabelled materials are being used to 
evaluate the role of VAM in N,-fixation (Barea er al., 
1987). in N-uptake from the medium (Ames et al., 
1983; Barea et al., 1987) and in N-transfer (Kessel 
er al., 1985). 

Since increasing P supply in non-mycorrhizal 
plants can nullify the effect of VAM on N,-fixation 
(Barea and AZ&n-Aguilar, 1983) it is important 
when evaluating the role of VAM by using the 15N 
methodology to compare the P response curves of 
both mycorrhizal and non-mycorrhiza1 plants 
(Abbott and Robson, 1984; Mosse, 1986). On the 
basis of such premises a greenhouse experiment was 
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carried out in which a legume (alfalfa) and a grass 

fryegrassf were grown either alone or mixed, with and 
without mycorrhizas under different P regimes. The 
aims of the work were to ascertain the mycorrhizal 
effect on: (i) N,-fixation; (ii) N-uptake from soil; and 
(iii) N-transfer. The consequences of a mycorrhizal 
effect on these processes could be important in the 
selection of the most suitable cropping system (N? 
fixing and non-fixing crops alone or mixed) for 
N,-fixation estimates. 

aMATERIALS AND METHODS 

E.~per~~ne~to~ design 

The experiment consisted of four soil P concentra- 
tions either inoculated or not inoculated with suitable 
mycorrhizal propagules. These eight soil treatments 
were replicated 15 times for a total of I20 pots. Each 
soil treatment, in turn, consisted of three cropping 
system treatments two monocultures (fegume Or 

grass) and one mixture of both plants, replicated five 
times. Plant densities were four seedlings in the 
monocultures and two seedlings of each species in the 
mixtures. 

Host plants and test soi/ 

AITaifa, Medicago satka t. cv. Arag& and rye- 
grass, Lo&m perenne L. were the test plants. 
Seedlings were transplanted into pots (100mm 
dia x 150 mm) containing 500 g of the experimental 
soil thoroughly mixed with the appropriate amount 
of soluble phosphate. At transpiant~ng the fegume 
received a standard inoculum of the strain 203 of 
Rhizobium meliloti (Barea ef nl., 1980). 

The test soil was collected from Granada Province, 
Spain, It was a “reddish-brown calcareous” type 
(42% clay, 39.8% loam); 1.33% organic matter, 
pH 7.4 and 4.5 mg P kg-l soil extracted with 0.5 bf 
NaHCO,. The soil N content was 0.9 g kg-‘, The soil 
was sieved (2 mm), diluted with sand (5:2, Y/V), 
steam-sterilized and then reinoculated with a soil 
f&rate containing its own microbial population 
except propaguies of Endogonaceae, which were 
retained on the filter paper (Whatman NO, 1). 

The experimental soil was divided into four 
batches. These were: P,, = untreated control; P, Pz and 
P, treatments to receive different doses of H&PO4 
(mg kg-’ of soil) as follows: P, = 125, P, = 250, 
P, = 37.5. These experimental soils were held at 
19-2X, with suitable watering, for 2 wk. Then the 
plant available P (Olsen) was estimated in the four 
batches of soil. The results of these analyses (in 
mg P kg-’ soil) were: P, = 4.5, P, = 9.9, PZ = 21.0, 
P, = 32.5. 

The mycorrhizai inoculum (5 g pot) was applied to 
the planting hole in the appropriate pots and its 
consisted of spores, mycelium, mycorrhizal root frag- 
ments thoroughly homogenized from stock pot cul- 
tures of the VA fungus Gfomus mosseae with A&IZ 
cepa. To obtain homogenized inoculum, all the soil 
plus roots from a pot (t kg capacity) was used, with 
the roots being cut to, approx. l-cm long fragments. 
The extent of the ~omogen~2atjon of this mycorrhizal 

inoculum was such that each aliquot contained a 
similar number of root fragments. 

Plants were grown in a gtasshouse at 19-25’C, 
watered from below and fed with nutrient solution 
(Hewitt, 1952) lacking N and P. 

“N-iabeiied fertiker application 

After IO days of plant growth each pot received a 
solution of (NH,),SO, with 10% “N atomic excess, 
2 mg N kg-’ soil were supplied, a dose equivalent to 
5kgNha-‘. 

I~~eas~rernents and saicu~ations 

After growth for 1 I wk the plants were harvested. 
Dry wt of shoots was recorded after drying in an 
oven at 7O’C. The concentrations of N and P were 
measured after Kjeldahl. digestion (for N) or by the 
moiy~enum bfue (for Pf procedures (Lachica et at., 
1973). 

After carefully washing the roots, the number of 
nodules in the legume was assessed visually. Then, 
samples of these roots were taken trying to obtain as 
many fine roots as possible. fn the case of mixed 
cropping, the roots were washed still attached to the 
shoots and the samples obtained by tracing the roots 
back to the main roots, to be sure of avoiding 
contamination. The percentage of total root length 
infected was estimated by examining stained samples 
microscopically (Phillips and Hayman, 1970). The 
grid-line intersect method of Giovannetti and Mosse 
(1980) was used. 

The sampling model for mycorrhizal anaiysis made 
it difficult to carry out other studies on the root 
systems, that is why only the shoots were analyzed. 
This could be accepted with some assumptions: (i) a 
similar N and P concentration of stems and roots, 
which it is not always true; and (ii) a similar “N 
distribution between stem and roots. The last point 
will be discussed accordingly. 

The N isotopic composition of plant shoots was 
determined by mass spectromctry (Fiedier and 
Proksch, t975) at the FAOjIAEA Agricultural Bio- 
technology Laboratory, Seibersdorf, Austria. These 
data aIlowed calculation of the percentage N derived 
from the labelled fertilizer (% NdfFert) by the foI- 
lowing equation: 

%NdfFert 

= 
%“N atom excess in plant sample x IO0 

%lSN atom excess in fertilizer 
’ . 

Then the percentage of N derived from fixation 
(%NdfFix) was estimated as follows: 

%NdfFix 

( 

%“N atom excess in fixing crop 
= I- 

> %‘IN atom excess in reference crop 
x 100. 

The atomic composition of the grass-oniy pots was 
used to evaluate N,-fixation by alfalfa growing alone 
and that of the grass in the mixture to measure 
%NdfFix by the companion alfalfa plants. Tentative 
evidence of N-transfer was obtained by comparing 
the lSN enrichment in the grass growing alone or 
mixed with the legume. 
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Table I. Mycorrhizal colonization (percentage mycorrhizal root length) of plants growing alone or mixed in soil given different amounts 
of available phosphate. Arc-sine square-root transformed data were used for two-way ANOVA and LSD tests 

P concentration 

Cropping system and 
mycorrhizal inoculation PO 

Alfalfa Rywass 

Pi PZ P, Pa Pi p2 P3 

Pure stands 
Actual percentages 
Transformed data 

63.4 65.2 63.6 68.2 21.4 27.8 22 22.8 
52.8 53.9 52.9 55.8 27.5 31.8 27.9 28.4 

Mixed cropping 
Actual percentages 
Transformed data 

65 66.2 62.1 64.8 49.4 38 40.8 39 
53.4 54.5 52. I 53.3 44.6 28. t 39.7 38.6 

LSD (1%) (transformed data) 5.6 4.5 

Source of variation dF MS F dF MS F 

Cropping system (S) : 2.894 0.27 1 1281.650 193.07** 
Phosphate concentration (P) 9.142 0.89 13.461 2.03 
SXP 3: 5.397 0.51 

: 
50.717 7.67*’ 

Error 10.612 - 32 6.610 - 
Total 39 - - 39 - - 

l *P < 0.01. 

The percentage of N derived from transfer 
(%NdfTrans) was estimated as follows: 

%NdfTrans 

=ioo l- 
( 

%‘5N atom excess in grass mixed 

*XJ’~N atom in grass alone > ’ 

The apparent soil N pool (A-value) in the non- 
fixing control crop was calculated as follows: 

A soil = 
100 - %NdfFert 

%NdfFert 

x amount of N fertilizer applied. 

For equations and calculations a Technical Docu- 
ment from IAEA (Danso et al., 1983) was followed. 

Since this experiment was laid out in a proper 
split-plot randomized blocked design and the repli- 
cation of treatments was appropriate, an analysis of 
variance was carried out. Unless otherwise stated, a 
three-way ANOVA followed by Duncan’s multirange 
and least significant difference (LSD) tests were done. 
In the case of the percentage mycorrhizal root length, 

the data were subjected to an arc-sine square-root 
transformation in order to homogenize the variance. 

RESULTS AND DlSCUSSION 

Efects on mycorrhka formation, plant growth and 
P-nutrition 

Both the cropping system and the phosphate con- 
centration in soil hardly affected the percentages of 
root length that became mycorrhizal in alfalfa plants 
(Table 1). Obviously the amounts of phosphate added 
were not high enough to interfere with mycorrhiza 
form&ion (Mosse, 1986). The same situation was also 
found for ryegrass concerning the effects of P ad- 
ditions, however the presence of the more myco- 
throphic legume in the mixture served as an inocuium 
source for ryegrass. It is accepted that there is not any 
pattern of change in the mycorrhizal abundance of 
plants when monocultures and mixed crops are com- 
pared (Newman, 1985). Moreover, the effects of one 
species on the formation of VAM by neighbouring 
plants seems to be specific to the particular species 

Table 2. Dry wt (mg pot-‘) of plants (shoots) growing alone or mixed. as affected by mycorrhizal inoculation and phosphate concentration 
in soil, and the ANOVA test of the data 

P concentration 

Cropping system and 
myconhit inoculation PO 

Alfalfa Ryegrass 

Pi P, Pi PO Pi P2 P, 

Pure stands 
Control 297 493 1273 563 769 714 836 875 
Mycorrhiza 1004 IO15 1255 IO80 92% 1261 1031 

Mixed cropping 
Control 42 136 739 270 I564 1584 813 1762 
Mycorrhiza 1036 781 762 534 1076 IS96 I702 I874 
LSD (I%) 118 227 

Source of varialion dF MS F dF MS F 

Cropping system (S) I 2.244.165.012 2Sf.30” I 6,654,541.612 364.849’ 
Mycorrhiza (M) : 4.172.868.012 414.72” I 696.204.612 38.17*+ 
Phosphate concentration (P) 813.118.079 92.30.. 3 331.743.812 18.18** 
s x M 1 12.226.312 1.39 t 61.549.512 3.37 
SXP 3 150.511.243 17.12** 3 439.362.245 24&I** 
MxP 
SXMXP : 

634.726.3 I2 12.20- 

: 
586.582.3 I2 32.16’* 

63.803.879 7.23*+ 264.698.279 14.31’* 
Error 64 8790.025 - 64 18.239.300 - 
Total 79 - - 79 - - 

9.P < 0.01. 
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Table 3. Total P content (mg pot-‘) of plants (shoots) growing alone or mixed, as affected by mycorrhizal inoculation and phosphate 
concentration in soil, and the ANOVA test of the data 

P concentration 
Alfalfa Ryegrass 

Cropping system and 
mycorrhizal inoculation 

Pun stands 
Control 
Mycorrhiza 

Mixed cropping 
Control 
Mycorrhiza 
LSD (I%) 

PO 

0.52 
1.46 

3 
1.54 
0.27 

P, 

0.48 
1.79 

13 
1.34 

P, 

2.08 
3.13 

1.07 
1.51 

P, 

0.85 
2.45 

3.63 
3.83 

PO 

1.97 
1.51 

2.69 
3.01 
0.45 

P, 

2.13 
2.26 

2.90 
3.26 

P* 

2.46 
2.47 

4.12 
5.48 

P, 

2.06 
1.94 

3.63 
5.54 

Source of variation dF MS F dF MS F 

Cropping system (S) I 2.257 88.63.. I 59.823 825X9** 

Mycorrhiza (M) I 8.685 340.95” I 3.863 53.33” 
Phosphate concentration (P) 3 7.128 279X3*’ 3 7,404 102.22” 
SXM I 4.498 255.07.’ 1 6.017 53.06** 
SXP 3 3.042 119.438’ 3 3.68 I X3.82** 
MxP 3 3.797 149.0Y 3 92.5 12.77” 
SxMxP 3 6.201 243.42’. 3 730 IO.fS+* 
Error 64 25 - 64 72 - 

Total 19 - 79 

l *p <O.OI. 

combinations (Ocampo et al., 1980). Our results 
(Table 1) clearly show an enhancement of VAM 
formation by ryegrass when associated with alfalfa. 

In general, VAM improved shoot growth at the 
different concentrations of phosphate in soil and type 
of cropping system assayed (Table 2), but there seems 
to be a tendency for shoot growth to decrease at the 
P, rate of P addition. Reinforcing published infor- 
mation (see Munns and Masse, 1980; Barea and 
Azcon-Aguilar, 1983) VAM improved the competi- 
tive ability of legumes with grasses at lower P concen- 
trations (Table 2). In spite of that mycorrhizal effect, 
com~tition between alfalfa and ryegrass tended 
to decrease dry matter yield of the legume with 
increasing P concentration in soil, agreeing with 
the published reports reviewed by Barea and Azcon- 
Aguilar (1983). 

Regardless of the cropping system and the P 
concentration in soil, VAM improved the biomass P 
in alfalfa shoots (Table 3). It is noteworthy that VAM 
helped ryegrass to take up soil P in the mixture, 
meanwhile the symbiosis was less necessary for 
this grass in monoculture, where the P content was 
similar in mycorrhizal and non-mycorrhizal ryegrass 
(Table 3). These facts could be accounted for by the 
geometrical and morphological characteristics of the 
root system in grasses (Haynes, 1980) that do not 
need to be reinforced by VAM hyphae unless in 
competitive situations. All in all, results from the 
Duncan’s test showed that there was a significant 
(P < 0.01) overalt effect of mycorrhizal inoculation 
(3.18 vs 2.74) on P biomass in ryegrass (averaged 
data, regardless of the cropping system and the P 
content of soil). 

Effects of nodulation and biomass N in plants 

Mycorrhizal alfalfa possessed a higher shoot N 
content than their non-mycorrhizai counterparts 
(Table 4). This could be simply explained with the 
well-known mycorrhizal effect at improving nodu- 
lation (Hayman, 1986) which is clearly shown in 
Table 5. However, other factors might be involved to 
explain some situations. For example, the shoot 

biomass N in non-mycorrhizal alfalfa (Table 4) do 
not give a good fit with nodulation (Table 5) suggest- 
ing that there are certain interactions between P and 
N at the acquisition level (Azcbn er al., 1978). 

Although the cropping system affected the 
N-uptake pattern it did not affect nodulation. 

The interactions between VAM, phosphate content 
of soil and cropping system as affecting the N content 
in ryegrass shoots do not show a generalizable ten- 
dency (not significant interactions after Duncan’s 
test), however, mycorrhizal inoculation improved N 
nutrition (P < 0.05) as indicated by the ANOVA test 
(Table 4). 

ENecu on NJ-&ration and N-uptake as deduced from 
the ‘IN isotope dilution technique 

As might be expected, the 15N enrichment of the 
grass was far higher than that of the legume (Fig. I), 
indicating a i5N “dilution” with “N from the atmos- 
phere fixed by the legume (Fried and Middleboe, 
1977). These data are critical because they allow 
cafculation of several of the parameters of main 
concern in this study and their consequences will be 
analyzed by an ANOVA test. However, the data are 
displayed in Fig. 1, showing basic information, mean 
values and standard errors. 

For the reasons stated above plant shoots were 
only analyzed for ‘5N enrichment. It is accepted that 
in the case of forage plants, harvested before seed 
production, and in situations like that in the present 
study, where there was just one harvest, it could be 
assumed there would be fairly uniform 15N enrich- 
ment in shoot and root. Nevertheless, this cannot be 
taken as a general rule because isotopic discrimi- 
nation among the different plant parts can occur. 
Therefore errors in estimations can arise if only 
shoots are sampled (Danso, 1986; Rennie, 1986; Vose 
and Victoria, 1986). 

Calculations of the amount of labelled N in plant 
shoots indicate that both the cropping system and 
mycorrhizal inocutation changed the uptake pattern 
in both crops (Table 6). Mixed cropping favoured the 
grass against the legume in their competition for the 
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Tabk 4. Total N content (mg pot‘ ’ ) of pkm fshoots) growing afonc Or mixed, as affected by mycorrhizal inoculation and phosphate 
concentration in soil. and the ANOVA test of the data 

Cropping system and 
mycorrhizal lnoeuhttion 

Pure stands 
Control 
Mycorrhiza 

Mixed cropping 
Control 
Mycorrhiza 
LSD (I%) 

PO 

56f 
17.30 

87 
21.71 
2.66 

Alfalfa 

P, PI 

8.67 22.8 1 
22.75 25.89 

2.98 12.48 
18.8-t 15.85 

P concentration 

p3 &I 

6.99 6.34 
24.17 6.42 

5.45 Il.22 
10.51 9.45 

I .74 

Ryegrass 

P, & P3 

6.36 6.4 I 6.18 
7.27 8.67 &Of 

It.09 14.1 I 15.68 
12.96 13.63 16.0s 

Source of variation dF MS F dF MS F 

Cropping system (S) I 538.255 215.77** i 757.742 712.44” 
Mycorrhizd (hi) I 2s2s.730 1134.01” 4.875 4.58. 
Phosphate concentration (PI 3 237.178 95.08’. : 35.826 33.68’* 
SxM 1 3.030 I.21 
SXP 3 133.784 53.63” 

: to.534 9.90.. 
19.582 18.41” 

MxP 3 _I!.773 84.09*- 4.109 3.86’ 
SxMxP 

G 
I33.6I 5 53.59+* 

: 
1.839 I.72 

Error 2.494 - 64 I .063 - 
Total 79 - - 79 - - 

‘P < 0.05. **P < 0.01. 

bbetled fertilizer, as compared with their uptake 
ability as single crops. These facts will be discussed 
later on. 

Actually, mycorrhizal inoculation increased the 
amount of N derived from fixation in plant shoots in 
all the experimental situations studied (Table 7). 
These results, by using appropriate non-mycorrhi~l 
controls, support the findings of Barea et al. (1987) 
showing that VAM inoculation enhanced symbiotic 
N, fixation over the effect achieved by naturally-exist- 
ing VAM, as tested with ‘*N. Most probably the 
effect is due to the well-known mycorrhizai activity in 
supplying solubte P for nodule function and plant 
growth (Barea and Azcon-Aguilar, 1983). 

Alfaffa in the mixture derived almost all its N from 
fixation and this could be accounted for by the grass 
stimulating symbiotic N fixation by the legume or by 
the effect being due to com~t~t~on for soil N by the 
grass, thereby reducing the N available to the legume 

in the mixture. There is experimental support for 
both possibilities (Butler and Ladd, 1985; Ta and 
Faris, 1987). Competition between alfalfa and rye- 
grass actually decreased the total N fixed by alfalfa 
in most cases (Table 7) probably as a consequence of 
the competition for soil or fertilizer N. 

The N uptake ability of plants as affected by the 
several interactions tested merits some further com- 
ments. In this context a key parameter to be consid- 
ered is the A-value for soil N. This is calculated for 
the non-fixing crop and the results are summarized in 
Table 8. In the case of the grass growing alone, the 
apparent soil N-pool size was si~ni~cant~y higher in 
mycorrhizal pots than in the controls, regardless of 
the phosphate concentration in soil. The presence of 
the legume in the mixture altered this pattern, in some 
cases. However, the overall effect of mycorrhiza, 
regardtess of the cropping system and the P concen- 
tration is the production of a significant (P -Z Wt) 

Table 5. Nodule number (plant -‘) of alfalfa growing alone or mixed, as at&ted by 
mycorrhital inoculation and phosphate concentration in soil, and the ANOVA of the 

Cropping system and 
mvcorrhizal inoculation 

data 

P, 

P concentration 

P, P, P, 

Pure stands 
Control 59.40 65.00 62.60 57.00 
Mycorrhiza 81.20 74.40 66.40 81.09 

Mixed cropping 
Con1rol 59.06 62.20 63.80 
Mycorrhiza 

5% 
64.40 97.80 I t 2.80 

LSD (1%) 6.81 

Source of variation dF MS F 

Cropping system (S) I 105.800 3.64 
Myconhiza (M) 

: 
12,3~.8~ 423.89” 

Phosphate ~nceot~tjoo (P) 2539.083 87.49” 
S * M t 2%?0.050 69.93 ** 
SXP 3 3252.433 t t2.C8** 
MXP 3 970.500 33.44” 
SXMXP 3 332.483 t1.45** 
Error 64 29.018 
Total 79 - 

l *p < 0.01. 
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Fig. I. “N enrichment in the shoots of plants growing either alone (A) or mixed (M) as affected by 
mycorrhizal inoculation and the phosphate concentration in soil. SEs are shown. 
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Non-mycorrhizal 1 Mycorrhizal 

A M A M A M A M A hl A M A M A M 
c d 

PO ‘7 Pz f-3 

Cropping system and P supply 

increment of the apparent size of the N pool in soil 
available for plants. This can be taken as isotopic 
evidence supporting a role of VAM on N uptake 
from soil. Data recorded in Table 9 corresponding to 
the total amount of N that the grass growing alone 
derived from soil confirm such observation. 

Comparisons between the N that the legume 
derived from soil when growing alone or mixed 
suggest a strong competitive effect of ryegrass on the 
legume for soil N, agreeing with other experiments 
(Butler and Ladd, 1985) carried out in pots (Table 9). 
Nevertheless, it could be possible that, in addition 
to such a competitive advantage of the grass for 
soil N, some N transfer from the legume to the 
grass could occur. Evidence of such N-transfer was 

obtained by comparing the atomic composition of 
the grass in both cropping systems (Fig. I). This 
was done for each one of the P concentrations 
and the results obtained for non-mycorrhizal plants 
were: PO = 18 f I%, P, = 6.2 & 2%, P, = 5.2 + 3% 
and P, = 23 f I%, for mycorrhizal plants a signifi- 
cant transfer was only apparent at P, treatment 
(8.5 &- 2%). These values are in accordance with 
others obtained in pot experiments (Ta and Faris, 
1987). Nevertheless, results of N-transfer, especially 
when the grass dominated N-uptake in mixed 
cropping, can be regarded with caution, the topic 
being a current matter of discussion (Ledgard et al., 
1985a, b). The isotopic evidence does not, therefore, 
support a mycorrhizal effect in promoting N-transfer, 

Table 6. Total amount of N derived from the fertilizer (mg pot-‘) of plants (shoots) growing alone or mixed. as affected by mycorrhizal 
inoculation and phosphate concentration in soil. and the ANOVA of the data 

P concentration 
Alfalfa Ryegrass 

Cropping system and 
mycorrhizal inoculation PO PI P* PI PII PI P* P, 

Pure stands 
Control 0.08 0.04 0.13 0.06 0.27 0.28 0.28 0.26 
Mycorrhiza 0.23 0.1 I 0.07 0.06 0.24 0.24 0.26 0.28 

Mixed cropping 
Conlrol 0.00 0.01 0.0 I 0.01 0.42 0.48 0.56 0.50 
Mycorrhiza 0.0 I 0.0 I 0.01 0.01 0.38 0.46 0.42 0.56 
LSD(I%) 0.02 0.06 

Source of varialion dF MS F dF MS F 

Cropping syslcm (S) I 0.165 2402.35.. I 0.888 660.45.. 
Mycorrhiza (M) 

: 
0.007 105.64** I 0.013 9.85,’ 

Phosphate concenlralion (P) 0.008 124.30** 3 0.017 12.89** 
SXM I 0.006 88.35.’ I 0.003 2.23 
SXP 3 0.008 121.39** 3 0.01 I 8.459’ 
MxP 3 0.01 I 173.00” 3 0.01 I 8.53’. 
SxMxP 3 0.009 138.45.. 3 0.008 6.09.. 
Error 64 0.000 - 64 0.001 - 
Total 79 - - - - 

l *P <O.OI. 



Mycorrhiza on plant N nutrition 587 

Table 7. Total amount of N dcrivcd from fixation (mg pot-‘) of alfalfa plants 
(shoots) growing alone or mixed, as affected by mycorrhizal inoculation and 

phosphate level in soil. and the ANOVA of the data 

P concentration 
Croooinn svstem and . . 
mycorrhkai inoculation 

Pure stands 
Control 
Mvcorrhiza 

Mixid cropping 
Control 

PC P, P, P, 

3.77 1.62 19.61 5.36 
11.38 19.64 23.95 22.44 

0.81 2.82 12.25 5.49 
Nyc&rhiza 
LSD (I%) 

Source of variation 

Cropping system (S) 
Mycorrhiza (M) 
Phosphate concentration (P) 
SXM 
SXP 
MxP 
SxMxP 
Error 
Total 

25.26 
2.54 
dF 

I 
I 
3 
l 
3 
3 
3 

64 
79 

18.71 15.53 10.36 

MS F 

158.653 69.35** 
2505.217 1095.17** 
236.62 I 103,44** 

17.279 7.5s 
173.707 75.93’. 
142.800 62.42” 
181.243 79.23” 

2.287 - 
- - 

l *P < 0.01. 

Table 8. Apparent N pool size (A-value) in soil (mg pot-‘) where the non-fixing 
piants grew either alone or mixed as affected by mycorrhizal inoculation and the 

nhosohate concentration in soil. The ANOVA test of these data is also shown 

Cropping system and 
mycorrhizal inoculation 

Pure stands 
Control 
Mycorrhita 

Mixed cropping 
Control 
Mvcorrhiza 

PIJ 

22.2s 
26.04 

P concentration 

P, P* 

22.26 22.76 
29.12 31.65 

P, 

23.28 
21.62 

25.39 23.78 23.64 30.54 
23.52 26.13 31.63 27.36 

LSD (1%) 0.62 
Source of variation dF MS F 

Cropping system (S) I 18.107 133.52** 
Mycorrhiza (M) I 211.289 2044.80*’ 
Phosphate concentration (P) 3 43.873 323.53*’ 
SxM I 101.115 745X%** 
SXP 3 15.199 112.08’* 
MxP 3 68.682 506.48’* 
SrMxP 3 9.883 72.88“ 
Error 64 0.135 - 

Total 79 

**p c: 0.01 

Table 9. Total amount of N derived from soil fmg pot-‘) of plant (shoots) growing alone or mixed, as affected by mycorrhizal inoculation 
and phosphate concentration in soil, and the ANOVA of the data 

P concentration 
Alfalfa Ryegrass 

Cropping system and 
mycorthizal inoculation P0 P, P* PY PO P, PZ P, 

Pure stands 
Control t .76 1.01 3.07 I.51 6.08 6.27 6.14 5.93 
Mycorrhiw 5.88 3.19 3.21 1.67 6.18 7.02 8.41 1.13 

Mixed cropping 
Control 0.06 0.14 0.20 0.34 10.80 11.60 13.54 15.09 
Mycorrhiza 0.36 0.13 0.30 0.14 9.07 12.50 12.68 15.48 
LSD (1%) 0.34 1.67 

Source of variation dF MS F dF MS F 

Cropping system (S) I 108.993 2949.62’* I 689.960 691.54” 
Nyconhiza (M) I 10.729 290.37” I 4.104 4.11. 
Phosphate concentration (P) 3 4.630 125.30” 3 33. I52 33.22.. 
SwM 1 9.372 253.63*’ 12.105 12.13.. 
SXP 3 4.573 123.77** : 18.650 18.49” 
MxP 3 6.748 182.63.’ 3 3.694 3.70’ 
SxMxP 3 5.322 144.04”’ 3 2.293 2.29 
Error 65 037 - 64 997 
Total 79 - 79 - 

‘P < 0.05. l *f < 0.01. 
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but the framework of interactions between plant N 
nutrition and VAM that seems to occur might mask 
a mycorrhizal effect on N-transfer. Such an effect was 
found by Kessel et al. (1985) using “N. The mycor- 
rhizal activity in improving nutrients transfer be- 
tween plants is a controversial topic (Francis et al., 

1986; Newman and Ritz, 1986). 
It is obvious that the measurements of competition 

and N-transfer relied upon the accuracy of the NZ 
fixation estimates obtained in this work and the use 
of a non-fixing crop within the mixture. 

Mycorrhizas seem to affect N,-fixation measure- 
ments, nevertheless, as the mycorrhizal condition is 
a commonest situation in ecosystems, either the 
“fixing” or “non-fixing” crop may form the sym- 
biosis. The only trouble could be if both types of 
plants greatly differ in their degree of mycotrophy. 
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