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Effects of Nitrogen and Phosphorus Fertilization on
Ectomycorrhiza Development, N-Fixation and
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ABSTRACT

Red alder(Alnus rubra Bong.) seedlings inoculated with Frankia only or both Frankia and spores
of Alpova diplophloeus(Zeller & Dodge) Trappe & Smith were grown in a greenhouse for ten weeks.
The ten-week-old seedlings were fertilized with six nitrogen(N) and phosphorus(P) fertility regimes
(no fertilization, 10mM NH;NOs;, 50mM NH;NOj3;, 5mM KH:PO;, 10mM NHi;NO3;+5mM KH2POj,
and 50mM NH;NO;+5mM KH-PO;) three times a week for ten weeks.

The higher N-fertilization significantly increased mycorrhiza formation by greenhouse contaminant
mycorrhizal fungi, but decreased ‘N-fixation and P concentration in nodule tissues. P-fertilization
significantly increased nodule and shoot dry weight, and P concentration in plant tissues. When N
was highly fertilized, however, the P-fertilization effect disappeared in nodule P concentration but
doubled in leaf P concentration. A. diplophloeus inoculation significantly increased diameter growth and
CO- exchange rate, but decreased leaf dry weight. Our results suggest that the higher N- or
P-fertilization affect nitrogenase activity and mycorrhizal development but the effects are changed by
their interactions.
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INTRODUCTION

Given the coevolved nature of the Alnws-
mycorrhizal fungus-Frankia tripartite symbioses,
it is possible that the three organisms interact
synergistically to enhance the performance of the
union. Even though the mycorrhizal one of the
tripartite symbioses has been proved highly
beneficial(Rose and Youngherg, 1981 ; Barea and
Azcon-Aguilar, 1983 ; Gardner ef al., 1984), how-
ever, Koo et al.(1995) found that Frankia nodule
is more important for A. diplophloeus mycorrhiza
formation and their host growth than the mycor-
rhiza is for the nodule formation and the plant
growth, Molina et al.(1994) stated that mycorrhizal
development likewise improves growth and phos-
phorus status, but during the first year of seed-
ling growth, increases in growth due to ecto-
mycorrhizal development were small compared to
the actinorrhizal benefit alone. N-fixing Comptonia
and Myrica sp. well sustained phosphorus absorp-
tion in a local soil even without forming mycor-
rhizae(Berliner and Torrey, 1989). Visser ef al.
(1991) also demonstrated highly significant role
of N-fixing nodules for the growth of actinorhizal
and mycorrhizal Elaeagnaceae species outplanted
on oil sands tailings.

In general, both actinorhizal and mycorrhizal
symbioses are sensitive to fertilization, especially
with high N and P. For example, N addition
reduced nodule formation and nitrogenase activity
(Burgess and Peterson, 1987), and even N-fixation
in Frankia pure cultures(Tjepkema et al., 1981),
whereas P addition enhanced nodule formation
(Seiler and McCromick, 1982). Mycorrhizae are
well known for enhancing P uptake in infertile
soils, but P fertilization often reduces mycorrhiza
formation and symbiotic effectiveness(Thomas et
al., 1982).
reduction in ectomycorrhizal development(Brunner
and Scheidegger, 1994 ; Dighton and Jansen, 1991).

Nitrogen fertilization also induced
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Little is known about the effect of N and P
on the development and function of alder tripartite
symbioses. Therefore, the objective of this study
was to examine the effects of N and P fertiliza-
tion on mycorrhiza formation, nodulation, nitrogen
fixation, photosynthesis and growth of nodulated
red alder seedlings with/without A. diplophloeus
(Zeller and Dodge) Trappe & Smith spore inocu-
lation.

MATERIALS AND METHODS

Biological materials

Red alder seeds(Brown Seed Company, Van-
couver, Washington) were selected for uniform
size by dry sieving. Frankia was isolated by
the filtration method(Benson, 1982) from nodules
of one-year-old red alder seedlings collected at
the US Forest Service Cascade Head Experimen
tal Forest near the Oregon coast. The isolates
were cultured for one month in N-free BAP
liquid medium(Murry et a/., 1984). Sporocarps of
A. diplophloeus, a hypogeous ectomycorrhizal fungus
specific to alder(Molina, 1981), were collected
under young red alder trees at the Cascade Head
Experimental Forest and stored at -18C until
used.

Seedling growth conditions

Rooting substrate was a 2:1:1 mixture of
ca. 60-year-old alder forest soil, coarse vermicu-
lite and peatmoss. Nutrients in the mixture were
0.252% N, 80ppm tatal P, llppm available P,
352ppm K, 1570ppm Ca and 400ppm Mg after
autoclaving for 2hrs. Red alder seeds surface-
in 30% H:0, for 15 minutes were
directly planted in leach tubes(3.2cm diameter x
20cm long, 165ml) and grown in a greenhouse
with day/night temperatures of 24/18C with
supplemental light from sodium vapor lamps for

sterilized

16 hours a day. Light intensity was photosyn-
thetic photon flux density(PPFD) of 51026
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mol/m’/s at noon on a clear day. Seeds started
to germinate in five days and seedlings were
thinned to one per tube after two weeks. After
thinning, all seedlings were inoculated with one-
month-old Frankia cultures by injecting 1p¢
packed cell volume diluted in 1ml of sterile
distilled water per seedling. Half of the seedlings
received five million A. diplophloeus spores
diluted in 5ml of distilled sterile water per tube,
Seedlings were watered to saturation every morn-
ing during the experiment.

Experimental design

The experiment was a 2x3x2 factorial design
with eight replications each combination of factors.
The first factor was A. dipophloeus spore treat-
ment with two levels : live or dead spore ino-
culation, The second factor was N-fertilization
with three levels : no fertilization, 5ml of 10mM
NHi;NO3; and 5ml of 50mM NHNO; for each
seedling. The third factor was P-fertilization
with two levels : no fertilization and 5ml of 5mM
KH:POs. The fertilizations were applied three
times a week from when the seedlings were 10-
week-old. Seedlings were repositioned every other
week to even out location effects in the green-
house.

Data collection

When the seedlings were 20 weeks old, ten
weeks after the fertilization, nitrogenase activity,
seedling growth, and symbiosis developemnt
were measured for eight seedlings per inoculation
treatment. Apparent photosynthetic activity of a
seedling was measured as CO: exchange rates
with a LI6000 portable photosynthesis system
(LI-COR, Inc, Lincoln, Nebraska) for 16cm’ leaf
area on the 4th leaf from the top of the seedling.
At the same time stomatal conductance, initial
transpiration rate, and initial internal CO2 con-
centration were obtained from the equation stored
in the system. During the measurements a res-
piration mask connected to a vacuum was used
to remove CO: respired by the experimenter. To
measure in situ acetylene reduction rates, we
followed the procedures of Koo et al(1995). The
physiological activities were measured under the

temperatures of 22 to 24T and PPFD of 480 to
520 # mol/m’'/s between noon to 2pm.

Height, diameter and the dry weights of shoot
and root were determined for each seedling. Dry
weight was obtained after drying the tissues at
65T to a constant weight. A mean value of
mycorrhiza formation for each plant was calculated
from three root subsamples collected at 2.5 to
cm, 7.5 to 10em, and 12.5 to 15cm along the
length of the root plug. From each subsample 50
to 100 short roots were counted and mycorrhizal
formation was calculated as percentage.

Leaf areas were measured with a LI3100 Area
Meter(LI-COR, Inc, Lincoln, Nebraska). Specific
leaf dry weight was calculated by dividing the
leaf dry weight with the leaf area of each plant.
To determine the concentrations of total N and
P in leaves, feeder roots({ca. 2mm diameter) and
nodules, samples from two seedlings within a
treatment were combined and determined by
autoanalyzer after Kjeldahl digestion. Feeder root
samples were collected by carefully rubbing the
dried root system.

Data analysis

Data were analyzed by GLM(General Linear
Models) procedures in SAS(SAS Institute Inc.
Cary, North Carolina) to test the treatment effects
for each parameter. To test a significance between
the means of the treatments Duncan's multiple
range-test which is programmed in the MEANS
statement in SAS was applied.

RESULTS

When they were 10 weeks old, prior to N and
P ferilization, A. diplophloeus inoculated seed-
lings were significantly taller in height and
greater in total nitrogenase activity than non-
inoculated seedlings(Table 1). This was true
even though all seedlings became mycorrhizal
with  greenhouse contaminating fungi(mostly
Thelephora sp.), by ca. 50% on noninoculated
seedlings, At the end of the experiment, all
seedlings were mycorrhizal to a high percentage
with either contaminant fungi or combination of

A. diplophloeus+contaminant fungi. And the seed-



mEIRREEE 85(DR. 19964 3A 99

Table 1. Growth of A/nus rubra seedlings for ten weeks in a greenhouse before fertilization treat-
ments. Seedlings were inoculated with Frankia only(F) or Frankia and Alpova diplophioeus
spores(FA) when they were two weeks old.

Parameter - _ Inoculation _
3 FA

Alpova diplophloeus mycorrhizae(%) 0.0 19.0 25.0
Total mycorrhizae(%) 54.0+7.2 39.676.8
Height(cm) 23.7+0.8 28.8+0.9*"
Diameter(mm) 4.010.2 4.1°1.0
Shoot dry weight(g) 1.0920.09 1.250.06
Root dry weight(g) 0.43=0.05 0.47=0.05
Shoot /Root ratio 2.82.0.28 2.80-0.19
Leaf dry weight(g) (.50 *0.03 0.56:0.04
Leaf area(cm®) 119.0+ 8.0 128.010.0
Nodule dry weight(mg) 38,37 3.8 41.5%52.1
Total nitrogenase activity 7.7%0.3 10.1£0.9*

(umol CyH: reduced/g dry nodule/hr)
Specific nitrogenase activity

(umol CsH: reduced/g dry nodule/hr)
CO: exchange rate(mg CO:/m'/s)

233.0+41.0 245.0:24.0

0.222.0.03 0.2340.02

Values are means of 9 or 10 samples ! standard error.

*

lings started to produce paler and smaller leaves
probably due to depleted nutrients in the tubes.
Nevertheless, the ANOVA showed A. diplo-
phloeus inoculation continued to affect signifi-
cantly total mycorrhiza formation, stem diameter,
specific nitrogenase activity, leaf area and leaf
dry weight, root dry weight, shoot/root ratio,
and CO: exchange rate(Table 2). N-fertilization
was also an influential treatment with significant
effects on mycorrhiza formation, nodulation, N-
fixation, leaf parameters, shoot dry weight, and
N and P concentration in tissues. P-fertilization
affected nodulation, specific nitrogenase activity,
shoot drv weight, CO» exchange rate and P
concentration in tissues. The interaction effect of
N and P fertilization was significant in mycor-
rhizal development, nodulation, total nitrogenase

activity, leaf area and P contents in tissues
(Table 2).
Total mycorrhiza formation by both A.

diplophloeus and contaminant fungi, 58 to 96%,
was significantly increased by N-fertilization but
not by P-fertilization(Fig. 1A, Table 2). A.
diplophloeus mycorrhiza formation ranged 15 to
62% was significantly decreased by the higher

and ** are significantly different at p<0.05 and 0=0.01 by Duncan's test, respectively.

N-fertilization. However, when P was added,
the N effect on mycorrhiza disappeared.

Nodule measured by its dry
weight was significantly decreased by the higher
N-fertilization by 57%(Fig. 1D). On the other
hand, the nodule development was increased by
P-fertilization by 50%, but this P effect became
non-significant by N-fertilization. Total nitro-
genase activity was significantly and drastically
reduced by the higher N-fertilization from 9.8 to
1.7umol C:H: reduced/plant/hr(Fig. 1E). Specific
nitrogenase activity was significantly decreased
by A. diplophloeus inoculation, and N- and P-
fertilization(Fig. 1F). Thus, N-fertilization af-
fected N-fixation differently from the other two

development

treatments, by reducing both nodule developemnt
while P-
fertilization and the fungus inoculation increased

and specific nitrogenase activity,
nodule development and decreased specific nitro-
genase activity,

CO» exchange rate(CER)(Fig. 3A),
conductance(Fig. 3B) and transpiration rate(Fig.

stomatal

3C) were significantly increased by A. dipio
phloeus inoculation(Table 2). CER was also sig-
nificantly increased by P-fertilization. However,
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Table 2. Significance for ANOVA for mycorrhiza formation, growth parameters,

N-fixation rate and

photosynthetic activities of mycorrhizal and actinorhizal Alnus rubra seedlings 10 weeks

after N- and P-fertilization.

Parameter A N P AxN NxP AxP  AxNxP
Total mycorrhizae *k *% — % N — __
A. diplophloeus mycorrhizae —— —— _— — *k - __
Height - — — - I _ o
Diameter *k —— - — __ — S
Nodule dry weight —— *k % — *ok B S
Total nitrogenase activity —— Hok - - * - -
Specific nitrogenase activity * *k * - —— I o
Leaf area *k * - J— ® __ _
Leaf dry weight *% *ok —— - N - _
Specific Leaf dry weight - ok i —— —— - __
Shoot dry weight —— *ok *ok - - —— A
Root dry weight * —— i — —— - S
Shoot/Root ratio * —— - — - — _
CO:z exchange rate *k - * i - - __
Stomatal conductance *k - [ — __ _ _
Transpiration rate *k - - —— —— _— __
Internal [CO2] - —_ - —— —— S S
Leaf N —— *k —— —— - * -
Root N * *% —— - * —_ N
Nodule N —— —— — i P —— _
Leaf P * *k *k - % __ _
Root P —-— —— *k —_— - I -
Nodule P * *k *k —— *k _ -

A . Alpova diplophloeus spore inoculation, N : nitrogen fertilization, P : phosphorus fertilization.

‘— " is not significant.

internal CO2 concentration was not significantly
affected by any treatment(Fig. 3D).

Height growth was not significantly affected
by any treatment(Fig. 1B, Table 2),
diameter growth was significantly increased by
A. diplophloeus inoculation from 6.2 to 6.5mm
(Fig. 1C, Table 2). Leaf development measured
as leaf dry weight and leaf area was significantly
decreased by A. diplophloeus inoculation and the
higher N-fertilization(Figs. 2A and 2B). Specific
leaf dry weight was significantly decreased only
by the higher N-fertilization(Fig. 2C). Shoot dry
weight was significantly decreased by the higher
N-fertilization but
(Fig. 2D). Root dry weight was significantly
increased by A. diplophloeus inoculation(Fig.
2E), resulting in significantly reduced shoot/root
ratio(Fig. 2F).

N concentration in the leaf and root tissues

whereas

increased by P-fertilization

‘*’ and ‘**" are significant at p<0.05 and p=0.01,

respectively .

were significantly increased by the higher N-
fertilization but the N in the nodules was not
affected by the treatment(Tables 2 and 3). The
higher N-fertilization effect in the root N was
more prominant than in the leaf N. However,
nodule N was not affected by any treatment.
The P concentration in the leaf tissues was
significantly increased but decreased in the
nodule by the higher N-fertilization(Tables 2 and
3). The P concentration significantly increased
in the leaf, root and nodule tissues by P-
fertiliztion. The P in the root was increased by
ca. 100 to 150% by the P-fertilization, whereas
the P in the leaf and nodules were increased by
only 8 to 80%. The P-fertilization effect in the
leaf was doubled by the higher N-fertilization.
On the other hand, nodule P concentration was
gradually decreased as the N-fertilization level
increased and the degree of the P decrease was
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Fig. 1. A-F. N- and P-fertilization effects on the mycorrhiza formation (A) : open bars show Alpova
diplophloeus mycorrhiza percentage, height (B), diameter (C), nodule dry weight (D),
total nitrogenase activity (E) and specific nitrogenase activity (F) of 20-week-old Alnus
yubra seedlings grown in a greenhouse. In the legend, F=Frankia pure culture and
dead Alpova spore inoculation ; FA=Frankia and live Alpova spore inoculation, On the
horizontal, CO=no fertilization : N1=5ml of 10mM NHNO; . N2=5ml of 50mM NH:NOs;
P=5ml of 5mM KH:PQO,, NIP=combination of N1 and P treatments, N2P=combination
of N2 and P treatments. Seedlings received the fertilizer three times a week for 10

weeks.
greater with P-fertilization than without P. that N-fertilization decreases N-fixation but P-
fertilization increases it and that mycorrhizae
DISCUSSION improve plant growth. But a positive ecto-

mycorrhizal effect provided by A. diplophloeus in

These results support other studies showing 10 weeks old seedlings became unclear because
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Fig. 2. A-F. N- and P-fertilization effects on the leaf dry weight (A), leaf area (B), specific leaf dry
weight (C), shoot dry weight (D), root dry weight (E) and shoot/root ratio (F) of 20-
week-old Alnus rubra seedlings grown in a greenhouse.

of greenhouse contaminating fungi.
N-fertilization effects on N-fixation could be
shown only when the concentration and the period
of the fertilization were sufficiently high or long.
The ten-week-long and strong N-fertilization
treatment greatly reduced nodule formation, total
nitrogenase activity and specific nitrogenase
activity. This negative effects of N-fertilization
on N-fixation were explained by damaged Frankia
vesicles in the nodules(Huss-Danell et al., 1982)

and by reduced numbers of endophyte vesicles
per unit area of the infected cells(Burgess and
Peterson, 1987).

However, it is possible that N-fertilization
reduces N-fixation by hindering nitrogenase
activity. The reduced P concentration in nodules
by N-fertilization indicates that carbohydrate
metabolism and energy transfer in nodules was
reduced. At the same time unaffected N concen-
trations and reduced specific nitrogenase activity
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Fig. 3. A-D. N- and P-fertilization effects on the CO: exchange rate (A), stomatal conductance (B),

transpiration rate (C) and internal CO: concentration (D) of 20-week-old Alnus rubra
seedlings grown in a greenhouse.

Table 3. N and P concentration in the leaf, root and nodule tissues of 20-week-old Alnus rubra seed-
lings fertilized for 10 weeks. Seedlings were inoculated with Frankia only(¥) or. Frankia
and Alpova diplophloeus spores(FA) when they were two weeks old.

Fertilization L Leaf - Root o Nodule
) F FA F FA F FA
N(%)
CO 1.82°0.05 1.73-0.05 1.79:0.10 1.59 - 0.03 2.58.0.21  2.7370.14
N1 1.80+0.03 1.74=0.09 1.8110.14 1.8320.03 2.41:0.13  3.06=0.20
N2 1.93-0.02  2.03-0.08 2.88°0.04 2.33+0.14 2.8040.11  2.77-0.17
P 1.69:0.03 1.8710.04 1.600.02 1.63:0.09 2.52-0.04 2.79:0.20
NI1P 1.8070.05 1.78 + 0.09 1.94- 0.02 1.82:0.06 3.0710.21  2.55°0.23
N2P 1.94-0.03  2.13=0.04  2.24:0.04  2.38=0.08 2.91+0.17  3.06=0.18
(%)
CO 0.10 - 0.01  0.11:0.01 0.15:0.01  0.14-0.01 0.1670.01  0.1510.01
N1 0.09:0.01 0.12:0.01 0.12+0.01  0.15:0.01 0.13+0.01 0.14=0.01
N2 0.11-0.01  0.12=0.01  0.14%0.01  0.13=0.01 0.12+0.01  0.11=0.01
P 0.14°0.01  0.14-0.01 0.32°0.03 0.28°0.01 0.19:0.01 0.18:0.01
NI1P 0. 15 0.01  0.1570.01  0.34:0.03 0.32-0.01 0.20:0.01  0.18:0.01
N2P 0.1840.01  0.21:0.01  0.2970.01 0.33°0.02 0.13-0.01 0.13*%0.01

CO=no fertilization ; N1=5ml of ImM NH,NO; fertilization ; N2=5ml of 50mM NHNO; :
P=5mM KH-PO; fertilization : NIP=NI1+P ; N2P=N2+P.
Values are the means of three to four samples * standard error.
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in the nodule by the N-fertilization may indicate
that proteins(nitrogenase) exist in the tissue but
they are not active. This may suggest that
plants allocate minerals and carbohydrate to a
sink demand within a plant system. This supports
Huss-Danell and Hahlin(1988) who addressed that
ammonium treatment reduced translocation of
carbon to Frankia vesicles in nodules to cause a
reduced metabolic rate in the nodule.

Some experimental

application of nitrogen

caused reductions in ectomycorrhizal infection
(Wallander and Nylund, 1992, Brunner and
Sheidegger, 1994) and in fruiting body production
of ectomycorrhizal fungi(Brandrud, 1995). How-
ever, N-fertilization increased total ectomycorrhiza
formation by greenhouse contaminating fungus
such as Thelephora terrvestris, but only high
level N-fertilization decreased A. diplophloeus
This
supports other studies that nitrogen has caused

mycorrhiza formation in our experiment.

increased mycorrhiza infection in heather(Carpom
et al., 1995) and in Douglas-fir(Gorissen, ef al.,
1991). The result that Frankia nodule formation
increased A. diplophloeus mycorrhiza development
in alder seedlings(Koo, et al., 1995) also supports
the positive effects of nitrogen on mycorrhizae.
Mycorrhiza response to P-fertilization differs
depending on host plants, fungal species and soil
characteristics. In our experiment, even though
P-fertilization increased the P concentration in
feeder roots by over 100%, it did not signifi-
cantly decrease mycorrhiza formation. Generally,
P fertilization or high soil P levels could sub-
stitute for beneficial mycorrhizal effects on plant
growth in an ectomycorrhizal plant(Thomas et
al., 1982) and in vesicular-arbuscular mycorrhizal
plants(Pacovsky et al., 1986 ; Asimi et al.,
1980). On the one hand, however, Thelephora
terrestris and Laccaria laccata mycorrhizae
infection on Pinus silvestris was not significantly
changed but Hebeloma crustuliniforme mycorrhizae
formation was increased by high P-fertilization
in a greenhouse(Tyminska et al., 1986). On the
other hand, Thelephora terrestris mycorrhizae on
Picea sitchensis even increased slightly in high
P-soil, although the fungus enhanced host growth
only in low P-soil(Thomas et al., 1982). Thus,

P-fertilization effects on ectomycorrhizae are less
clear cut.

P-fertilization effects on mycorrhiza formation
may depend on the degree of the demand by the
symbionts or on the N/P ratio in the soil. P
deficiency occurs as an N-fixing plant grows: as
total plant N increases, P is depleted in the soil.
Thus, high soil P effects on mycorrhiza formation
can diminish as the plant grows to deplete the
soil P. For example, in nodulated soybean,
vesicular arbuscular mycorrhizal infection in the
high P-treatment was delayed by 14 days com-
pared to the low P-treatment, and both high and
low P treated seedlings had similar root P con-
centration and mycorrhiza formation(Fredeen and
Terry, 1988).

Frankia was more critical for seedling growth
than mycorrhizal fungi(Koo, 1995). In
preliminary Frankia inoculation trials, the authors
found that non-nodulated and non-N-fertilized
red alder seedlings remained stunted and formed

el al.,

only trace of A. diplophloeus ectomycorrhizae
later with a thinn mantle(unpublished data). Fur-
thermore, when Frankia inoculation was delayed,
mycorrhiza formation remained low until nodula-
tion began, and the length of feeder root colo-
nized by mycorrhizal fungi was shorter than
when the symbiont was inoculated earlier(Koo,
unpublished data). Sempalvalan et @/.(1995) also
stated that Glomus mycorrhizal colonization was
lower when Frankia inoculation was delayed in
Casuarina species. Although Visser et al.(1991)
did not differentiate between the relative contri-
butions of Frankia and mycorrhizae to the growth
of actinorhizal Elaeagnus seedlings, the growth
of the seedlings outplanted on oil sands tailings
was strongly correlated(r=0.88) with nodule dry
weight. In this regard, further investigation is
needed on how Frankia nodulation mediates my-
corrhiza development on actinorhizal plants.
Fredeen and Terry(1988) demonstrated that CO»
exchange rates per.unit leaf area did not differ
between mycorrhizal and nonmycorrhizal soybean
plants. They suggested that VA mycorrhizal
colonization increased production of photosynthate
due to an increase in the rate of leaf surface
expansion.

In our experiment, however, A.
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diplophloeus inoculated seedlings were smaller in
leaf growth but larger in shoot and root growth
as well as photosynthetic activity. This can be
explained by the roles of mycorrhizae in nutrient
exploitation, effects of limited rooting substrate
and mechanisms of photosynthate sink demand.
Before starting the fertilization treatment, A.
diplophloeus inoculated seedlings were generally
But the
growth difference gradually decreased with age
(data were not shown), probably due to depletion
of soil nutrients. As a result, the
plants produced even smaller leaves than the

larger in all the growth parameters.

inoculated

noninoculated ones at the end of the experiment.
It would seem that maintaining the larger bio-
mass of non-photosynthetic tissues induce com-
pensating higher photosynthetic rates in smaller
leaves.

N-fertilization inhibited nitro-
genase activity in red alder but promote total

In conclusion,

mycorrhiza formation. The N-fertilized host plant
allocated the unused P in nodules, which had
been used for energy transfer for N-fixation pro-
cess otherwise, to the leaf where photosynthesis
and metabolism were active. In contrast, P fer-
tilization promotes N-fixation, but its effect was
strongly controlled by the higher N-fertilization.
A. diplophloeus mycorrhizae could increase seed-
ling growth but slightly only in some parameters
while rooting substrate was not depleted. This
may mean the importance of mycorrhizae in alder
will increase in the nature as the N status of
the plant improves by N-fixation.
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