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Abstract

In this study it was determined how different species of Alnus (A. cordata, A. incana and A. glutinosa) responded
to colonisation by arbuscular mycorrhizal (AM) fungi (Glomus mosseae or Glomus intraradices) with regard to
growth and their ability to acquire and utilise nitrogen and phosphorus. Non-mycorrhizal plants but with phos-
phorus added, were used as control. In A. glutinosa the application of 75 ppm P had similar effect on growth and
P acquisition as did AM. Nevertheless, A. cordata and A. incana grew poorly when supplied with 75 ppm of P
and required AM symbiosis for optimum growth and N and P uptake. The percentage increases in shoot dry
biomass in AM colonised as compared with P-fertilised plants were 441 (A. cordata) and 644 (A. incana) whilst
AM-colonised A. glutinosa matched P-fertilised plants. Plant shoot N/P ratio increased in response to AM-colo-
nisation indicating that mycorrhizal effects on N uptake are greater than on P uptake. Information concerning the
direct influence of AM on N acquisition and nutrient use efficiency by Alnus species is important. AM-coloni-
sation provides an excellent biological mechanism by which Alnus plants became more efficient P-users. That
Alnus sp. are highly mycorrhizal-dependent plants was apparent because AM-colonisation was critical for growth
of A. incana and A. cordata. In this respect, for maximizing the efficient uptake and use of N and P, under the
growth conditions provided, Alnus plants need to be mycorrhizal. AM symbiosis seems decisive for the success-
ful establishment of Alnus sp. in revegetation strategies. The low N and P availability in soils where Alnus spe-
cies are useful candidates in any recolonisation and reclamation process emphasises the need to investigate sys-
tems by which N and P uptake by Alnus plants can be enhanced.

Introduction

Alnus plants are considered as pioneer species for
land revegetation and are mostly trees or shrubs com-
mon to early successional stages in nutrient-poor,
marginal or disturbed habitats. Alnus species are ca-
pable of forming arbuscular-mycorrhizal (AM) sym-
biosis and this fungal association is important for Al-
nus growth at a comparable extent to the symbiotic
association they form with Frankia (Gardner and Ro-
dríguez-Barrueco 1995).

Previously, mycorrhizal symbiosis has been shown
to affect growth and nutrition of AM nodulated Alnus
(Russo et al. 1993). However, AM responses in nod-

ulated Alnus plants can be partitioned into effects of
AM symbiosis on the plant and on the nodulating
process (number and/or activity of nodules). The con-
tribution of mycorrhiza in improving P nutrition is the
main effect involved. Alnus species are typically en-
domycorrhizal plants and are very reliant upon its
fungal symbiont but there is little information avail-
able on the involvement of AM fungi in N acquisi-
tion and nutrient use efficiency. For the temperate re-
gions Alnus represents the actinorhizal genus for
which the largest amount of information is available
(Gardner and Rodríguez-Barrueco 1995; Wheeler and
Miller 1990).
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Values of atmospheric nitrogen fixed by mature
nodulated Alnus species are considered comparable
with those for fixation by legume species ranging
from 10 to 300 Kg Ha−1 (Sprent and Sprent 1990).
Regarding mycorrhization effects, more information
is needed on the separate impact of AM on the growth
of Alnus species in relation to the AM impact on the
nodulation process. Comprehensive investigations
into such interactive AM effects on each part of tri-
partite symbiosis and the mechanisms involved are
necessary. Thus, in this study elucidation of how AM
fungi, as a single symbiont, affects growth and nutri-
tion in a non-nodulated Alnus host was undertaken
with further characterisation of the influence of dif-
ferent AM endophytes on some Alnus species. Such
knowledge should provide insights into the functional
significance of differences between the plant spe-
cies-AM symbiont combinations tested.

The large genetic variation within Alnus species
points to the high potential of the symbioses to adapt
to different environments (Akkermans and Hahn
1990). Most Alnus species are used in revegetation
practices on marginal sites, but the endomycorrhizal
status and responses to AM association has not been
covered in previous studies. The mycorrhizal Alnus
roots may be advantageous in infertile areas by pro-
viding a proper and suitable system to enhance nutri-
ent uptake in those environments (Jha et al. 1993).
The low nutrient availability in marginal soils indi-
cates the need to study mechanisms and to apply sys-
tems by which plants are more efficient nutrient us-
ers.

Variability of host specificity towards some
Frankia strains is known to occur (Simonet et al.
1990; Rodríguez-Barrueco et al. 1993) but further
studies are required to develop specific host-strain
combinations with higher effectivity for a number of
Alnus species and on a wide range of soil types. De-
spite the lack of specificity in the AM symbiosis, the
AM fungi differed in their ability to enhance nutrient
uptake by the host plant even when the extent of AM
colonisation was similar (Monzón and Azcón 1996).
To optimize Alnus growth in low fertility soils, a se-
lection of AM fungi is required since the effective-
ness of species of AM endophytes is greatly influ-
enced by the host species.

In the present study three Alnus species were as-
sayed under controlled conditions at two levels of P
(supplied or not with 75 mg P Kg−1) or inoculated
with two different isolates of Glomus species. The
aims of the study were to determine the mycorrhizal

effect (based on growth and nutrition) displayed by
each AM endophyte in each of the Alnus sp. and to
identify when P-fertilisation substitutes for the myc-
orrhizal effect. The mycorrhizal dependence indicated
by the degree of plant responsiveness to mycorrhizal
colonisation, was also determined for each Alnussp.

Materials and methods

The experiment had four treatments for each Alnus
species: Non-mycorrhizal control, P-supplemented
non-mycorrhizal plants, and G. mosseae or G. in-
traradices colonised plants. All treatments were rep-
licated seven times with a total of 84 pots and placed
in a random complete block design.

Three Alnus species (cordata, incana and gluti-
nosa) were used in this experiment.

Seeds were germinated in vermiculite. Twenty
days after emergence, seedlings from each species
were transplanted into pots filled with 2.0 kg steri-
lised soil sand mixture (v/v). The soil was collected
from Granada Province, Spain and had pH
(H2O) = 8.1; pH (ClK) = 7.4 and 19.72 �g Pg−1 bicar-
bonate-extractable phosphorus concentration (Olsen
and Sommers 1982); 0.23% N and 33.16% K.

The soil/sand mixture was autoclaved at 100 °C for
1 h on three consecutive days. A soil extract (10
mL pot−1) of natural soil/water at equal v/v filtered
through Whatman no 1 paper was added to reintro-
duce the native microbial population, except for
propagules of AM fungi.

To produce mycorrhizal plants, 14 pots from each
species were inoculated either with G. mosseae (Tax-
ter sensu Gerd.) Gerd. and Trappe or G. intraradices
(Schenk and Smith). The mycorrhizal inoculum con-
sisted of spores, mycelia and mycorrhizal root frag-
ments from a stock culture of each fungus with Lac-
tuca sativa. Twenty g of inocula per pot were placed
directly below the seedlings in the planting hole.

The plants were grown in a controlled greenhouse
under a 16-h light (21 °C) and 8-h dark (15 °C) cycle,
with 50% relative humidity and a photosynthetic pho-
ton flux density of 700 �mol m−2 s−1 for the com-
pensating photophase. During the assay the plants
were fertilised at the rate of 10 ml week−1 per pot
with a macronutrient-free micronutrient solution
(Hewitt 1952). One half of uninoculated non-mycor-
rhizal plants were fertilised with a KH2PO4 solution
at a rate of 10 mL week−1 pot−1 giving a total P
supplement of 75 mg Kg−1. The rate of P supply was

98



selected on the basis of previous studies (Azcón et al.
1992) to match the effect on growth and nutrition of

the AM fungi, thus providing an appropriate control
for the mycorrhizal plants. Pots were weighed daily

Figure 1. Biomass production in non-inoculated (Control or P-fertilized) and mycorrhizal inoculated (G. mosseae or G. intraradices) Alnus
cordata (1), A. incana (2) and A. glutinosa (3) plants
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throughout the experiment, and water loss replaced
daily by top watering to maintain soil moisture close
to 100% field capacity during the period of plant
growth.

After a growth period of eight weeks, plants were
harvested and shoot and root dry weights determined
after drying the plant material at about 70 °C for 20
h. Concentrations of P and N in plant tissues were
determined (Lachica et al. 1973).

Nitrogen and phosphorus utilisation efficiency, de-
fined as the amount of biomass produced per unit of
nitrogen or phosphorus in plant tissues was calculated
by the ratio:

Shoot biomass

Nutrient content

Mycorrhizal dependence (based on dry matter
yield) was calculated using the following equation:

100�
Dw of AM plant � Dw of non-AM plant

Dw of AM plant

The percentage of mycorrhizal root length was es-
timated by microscopic examination of stained sam-
ples (Phillips and Hayman 1970), using the grid-line
intersect method (Giovannetti and Mosse 1980).

Data were subjected to an analysis of variance.
When the main effects were significant (P < 0.05) dif-
ferences between means were evaluated for signifi-
cance using Duncan’s multiple range test.

Results

Mycorrhizal colonisation was a critical factor for Al-
nus cordata and A. incana growth. AM-colonisation
increased shoot dry biomass as compared with P-fer-
tilisation, by 441 percent (A. cordata) and by 644
percent (A. incana), the growth of P-fertilised A. glu-
tinosa matching that of the mycorrhizal plants. The
results indicate the high mycorrhizal dependence of
these plants and the different behaviour of Alnus spe-
cies in response to chemical or biological treatment.

Shoot and root dry biomass of non-mycorrhizal
Alnus glutinosa was significantly enhanced by the ap-
plication of 75 mg P Kg−1 and by AM-colonisation
respectively, while for A. cordata and A. incana, plant
growth was poor in response to same level of P-fer-

tilizer application though required of AM symbiosis
to achieve further development (Table 1).

Plant growth dependence on mycorrhizal symbio-
sis was greatest in A. glutinosa and smallest in A.
cordata, although all the three Alnus species appeared
to be highly mycorrhizal dependent. Thus, nitrogen
and phosphorus uptake by all Alnus species was con-
siderably enhanced by mycorrhizal symbiosis (Tables
2 and 3).

The N and P contents of shoots indicate the effec-
tiveness of AM fungi on the uptake of those nutrients
by Alnus plants. Unexpectedly, P content increased by
a lesser extent than N content by Glomus sp. In fact,
G. mosseae-colonised plants increased N uptake in
terms of percentage by 390 (A. cordata), 488 (A. in-
cana) and 166 (A. glutinosa) as compared to P-ferti-

Table 1. Shoot and root dry weight (mg per plant) of non-inocu-
lated (control or P-fertilized) and mycorrhizal inoculated (G. mos-
seae or G. intraradices) Alnus species

Treatments A. cordata A. incana A. glutinosa

Shoot Root Shoot Root Shoot Root

Control 228c 57c 65c 17d 10b 5c

P-fertilized 926b 130b 250b 51c 2.030a 692b

G. mosseae 3.343a 672a 1.610a 432a 2.350a 798b

G. intraradices 3.810a 802a 1.190a 177b 3.100a 1.194a

Means followed by the same letter (into each column) are not sig-
nificantly different (P < 0.05) as determined by Duncan’s multiple
range test

Table 2. Mycorrhizal dependence (based on dry matter) of mycor-
rhizal inoculated (G. mosseae or G. intraradices) Alnus species

Treatments A. cordata A. incana A. glutinosa

G. mosseae 1.466a 2.477a 23.500a

G. intraradices 1.671a 1.831a 31.000a

Means followed by the same letter (into each column) are not sig-
nificantly different (P < 0.05) as determined by Duncan’s multiple
range test

Table 3. Percentage nitrogen and total N contents (mg per plant)
in shoots of non-inoculated (control or P fertilized) and mycorrhizal
inoculated (G. mosseae or G. intraradices) Alnus species

Treatments A. cordata A. incana A. glutinosa

% Total % Total % Total

Control 2.85a 6.50c 3.60a 2.34d – –

P-fertilized 3.03a 28.06b 3.85a 9.62c 2.14b 43.40c

G. mosseae 3.27a 109.30a 2.92b 47.00a 3.07a 72.14b

G. intraradices 2.74a 104.40a 2.78b 33.10b 2.98ab 92.40a

Means followed by the same letter (into each column) are not sig-
nificantly different (P < 0.05) as determined by Duncan’s multiple
range test
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lised plants. Curiously, the effect of G. mosseae on P
uptake was lower than on N uptake since percentage
increases over P-fertilised plants were 176 (A. corda-
ta), 231 (A. incana) and 111 (A. glutinosa) (Tables 3
and 4). N uptake was altered similarly by each of the
two AM fungi in the three Alnus sp. (Table 3). Over-
all, AM fungi increased all the growth parameters
measured as compared with the non-inoculated
plants. In addition, the N/P ratio was enhanced by
AM-colonisation to a higher extent than by P-fertili-
sation (Table 5).

When considering the N and P nutrient use-effi-
ciency (Table 6), the mycorrhizal effect differed for
each nutrient. Even though P-use efficiency was en-
hanced by AM-colonisation (particularly by G. in-
traradices in A. cordata and A. glutinosa) the mycor-
rhizal activity was not so important for N use effi-
ciency. Moreover, that value decreased in mycorrhizal
A. glutinosa compared to P-fertilised plants.

There were differences in the ability of each Glo-
mus sp. to colonise roots (expressed as percentage) of
Alnus species. Nevertheless, the total amount of my-
corrhizal roots was different for each of the three
plant species. Each Alnus sp. shows different values
according to the colonising fungus, G. intraradices

being the highest coloniser for A. cordata and A. glu-
tinosa and G. mosseae for A. incana (Table 7).

Discussion

Because Alnus species can grow in poor sites they are
likely to be used for the improvement of infertile
soils. Mycorrhizal symbiosis is recommended since
the AM association improves the ecosystems by en-
hancing the success of plant establishment and
growth under unbalanced nutritional situations as oc-
curs in many marginal soils. (Barea and Jeffries
1995).

The effectivity of AM fungal species was influ-
enced by the host species. In general, the functional
compatibility, that is the physiological ability of sym-
bionts to contribute to the nutrition of the association,
is less well documented than that between AM fungi
and soil conditions like pH, or fertility. The variation
in N uptake and nutrients use efficiency of each Al-
nus species associated to a specific AM endophyte
indicates the degree of functional compatibility be-
tween host- species and fungi as previously reported
(Azcón and Ocampo 1981; Monzón and Azcón 1996;
Estaun et al. 1987). Specific mechanisms confering
functional differences in improving host plant nutri-
tion and growth could be expected from variations in
the characteristics of the AM colonisation. However,
that value was not sufficient to indicate a specific
host-fungus interaction because similar percentage of
colonised root length was found in each Alnus spe-
cies. The highest total amount of AM roots, were
found in G. intraradices colonised roots of A. cordata
and A. glutinosa. No consistent relationship was
found between infectivity and effectivity. Functional
differences in the characteristics of external hyphae
such as length, distribution and nutrient translocation
(not determined here) could be expected (Jakobsen et
al. 1992).

The results from this study indicate that both N
and P content were increased considerably in AM-
colonised Alnus. AM fungi alleviate and compensate
limiting nutritional conditions and plays an important
role in the uptake of both elements and in biomass
production (Marschner 1998; Nielsen and Jensen
1983).

The present results provide conclusive evidence
that AM-fungal colonisation directly promotes N up-
take by Alnus plants. The direct AM effect in N nu-
trition of Alnus has not been previously described.

Table 4. Percentage phosphorus and total P content (mg per plant)
in shoots of non-inoculated (control or P-fertilized) and mycor-
rhizal inoculated (G. mosseae or G. intraradices) Alnus species

Treatments A. cordata A. incana A. glutinosa

% Total % Total % Total

Control 0.078c 1.78c 0.39b 0.25c – –

P-fertilized 0.430a 3.98b 0.49a 1.22b 0.230a 4.66a

G. mosseae 0.210b 7.02a 0.17c 2.82a 0.220a 5.17a

G. intraradices 0.160b 6.09a 0.18c 2.14a 0.170a 5.27a

Means followed by the same letter (into each column) are not sig-
nificantly different (P < 0.05) as determined by Duncan’s multiple
range test

Table 5. Shoot N/P ratio of non-inoculated (control or P-fertilized)
and mycorrhizal inoculated (G. mosseae or G. intraradices) Alnus
species

Treatments A. cordata A. incana A. glutinosa

Control 3.65 c 9.36 c

P-fertilized 7.00 b 7.88 b 9.29 c

G. mosseae 15.60 a 16.67 a 13.95 b

G. intraradices 17.14 a 15.46 a 17.53 a

Means followed by the same letter (into each column) are not sig-
nificantly different (P < 0.05) as determined by Duncan’s multiple
range test
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The effect of AM fungi in improving nitrogen meta-
bolism (Azcón and Tobar 1998; Azcón et al. 1992) as
well as N uptake from soil, as found in this study,
corroborate previous finding (Barea et al. 1987, 1992;
Tobar et al. 1994a, 1994b). Alnus roots are normally
infected with Frankia a N2-fixing actinomycete that
provides a suitable symbiotic system for improving N
nutrition. Thus, most of the “extra” N found in myc-
orrhizal and nodulated plants in nature is thought to
be from the atmosphere. Much of the evidence con-
cerning the effect of mycorrhizal fungi on N nutrition
of Alnus is indirect since mechanisms that contributed
to improved plant P status have been associated with
the mycorrhizal effect improving N nutrition. Im-
proved N nutrition can derive from improved exploi-
tation of soil N by a better root growth (Chalk 2000).
Nevertheless, for A. cordata and A. incana the
amount of P fertiliser applied did not compensate for
the mycorrhizal effect. Such P-fertiliser application
was not so relevant for A. cordata and A. incana per-
formance.

The N/P ratio increases, as a consequence of AM-
colonisation, are an indication of mycorrhizal prefer-
ence for N rather than for P uptake in Alnus plants.
The different effect of Glomus sp. on this ratio means
that the uptake of N (in relation to P uptake) was af-
fected specifically by each of the AM endophytes.

Alteration to the balance of nutrients can affect bio-
mass production and this effect is observed clearly in
the present study.

The usual situation for Alnus is to grow in soils
where both N and P are limiting. Under such nutri-
tive stress conditions the N reduces the potential of
roots for absorbing P as well as P limitation reducing
the potential of roots to absorb N (Marschner 1995).
For maximising the efficient uptake and use of nutri-
ents (N and P) in soil with low nutrient content Alnus
plants need to be mycorrhizal. This effect of AM sym-
biosis can be attributed to various mechanisms such
as higher rates of nutrient translocation, or root
growth and activity, either due to compartmentation
or chemical binding. Differences in the utilisation of
a nutrient may be expressed, in a physiological sense,
as unit of dry matter produced per unit of nutrient
(Marschner 1995). AM-colonisation plays an impor-
tant role not only in P-uptake but also on the P utili-
sation by plants.

Physiological and morphological root characteris-
tics and the acquisition of nutrients by roots repre-
sents the most important role in nutrient use efficiency
(Gutschick 1993). There were differences in the effi-
ciency of AM association in each of these three host
species. In A. glutinosa the AM-colonisation totally
replaced phosphorus application effects whereas in A.
cordata and A. incana the phosphorus applied was
insufficient for replacing AM-responses. Non-mycor-
rhizal P-fertilised plants compared with mycorrhizal
plants only resulted effective and real for A. glutinosa.

The importance of AM symbiosis in improving
N2-fixation in actinorrhizal associations in nutrient-
depleted soils, is of great interest (Gardner and Ro-
dríguez-Barrueco 1995; Russo et al. 1993). Severe P
deficiency in the soil markedly impair both Alnus
growth and N2-fixation. This aspect, in addition to the
other non-nutritional factors, such as the role of AM
fungi in improving plant resistance to environmental
stress (Ruiz-Lozano and Azcón 1995; Ruiz-Lozano et

Table 6. Nutrients (N and P) use-efficiency of non-inoculated (control or P-fertilized) and mycorrhizal inoculated (Glomus mosseae or G.
intraradices) Alnus species

Treatments A. cordata A. incana A. glutinosa

N P N P N P

Control 35.1 a 128.1 d 27.8 b 260 b – –

P-fertilized 33.4 ab 232.7 c 26.0 b 205 b 46.8 a 435.6 b

G. mosseae 30.6 b 476.2 b 34.3 ba 570 a 32.6 b 454.5 b

G. intraradices 36.5 a 625.6 a 40.4 a 556 a 33.6 ab 588.2 a

Means followed by the same letter (into each column) are not significantly different (P < 0.05) as determined by Duncan’s multiple range test

Table 7. Mycorrhizal infection (% and total length of root infected)
in roots of non-inoculated control or P-fertilized and mycorrhizal
inoculated (G. mosseae or G. intraradices) Alnus species

Treatment A. cordata A. incana A. glutinosa

% Total % Total % Total

Control – – – – – –

P-fertilized – – – – – –

G. mosseae 85a 5,713.7b 75a 3,237.7a 86a 6,862.8b

G. intraradices 87a 17,060.9a 85a 1,506.2b 83a 9,911.9a

Means followed by the same letter (into each column) are not sig-
nificantly different (P < 0.05) as determined by Duncan’s multiple
range test
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al. 1995) can also help Alnus adaptation to eroded
soils.

Processes by which Alnus roots become infected
by AM fungi and Frankia are different: by epidermal
penetration (Glomus sp.) and root hair infection
(Frankia). Sempavalan et al. (1995) described that
functioning of the symbionts was not impaired. More-
over, the high degree of coordination between nodu-
lation and AM-colonisation in plant growing under
mineral deficient conditions emphasises the need of
further study into the role of specific combinations
involving AM fungi/Frankia/Alnus species.

According to these results the large mycorrhizal
effect on total N yield (N derived from soil) indicates
that mycorrhizas may act in double infected Alnus
plants by a P-mediated mechanism able to improve
N2-fixation and also by enhancing N uptake from soil.
The use of 15N methodologies in future experiments,
will allow us to assess the influence of AM-colonisa-
tion on each of these N sources (Danso 1986).

Results provide strong evidence on the role and
contribution of AM symbiosis to the N and P nutri-
tion of Alnus in poor sites. This AM effect can be im-
portant for maintenance of Alnus growth under limit-
ing conditions a fact of both physiological and eco-
logical interest.
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