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Abstract
Background and aims The aim was to assess possible
benefits or drawbacks of arbuscular-mycorrhizal (AM)
and ectomycorrhizal (EM) colonisation compared to no
mycorrhizas (NM) in seedlings of the same host species.
Eight broadleaf species were tested for mycorrhiza for-
mation. Grey alder (Alnus incana) and four fungal spe-
cies were selected for further experiments.
Methods Grey alder seedlings were inoculatedwith AM
fungi Rhizophagus intraradices and Glomus hoi or EM

fungi Paxillus involutus plus an ascomycete isolated
from Alnus roots or mock-inoculated (NM).
Results EM formed in 70% of root tips and AM in 30%
of root length. AM plants were smaller than EM and
NM, but their specific root length (SRL) and specific
leaf area (SLA) were highest. Net photosynthesis, sto-
matal conductance and shoot water potential did not
differ between treatments. Foliar Ca, K, Mg, Mn, N, P
and S concentrations (mg g−1) were highest in AM
plants. However, total foliar contents (mg per plant)
were lowest in AM plants, except for P, K and Zn.
Conclusions The larger SRL and SLA suggest more
efficient resource usage in AMplants, even though these
were smaller than EM and NM plants. Grey alder is
proposed as a new model species for comparisons be-
tween mycorrhiza types in cold climates.

Keywords Grey alder . Mycorrhiza . Nutrients .

Photosynthesis . Stomatal conductance . Tannins

Introduction

Most research onmycorrhizas has focused separately on
one of the types of mycorrhizas at a t ime:
ectomycorrhizas (EM), arbuscular (AM), ericoid and
orchid mycorrhizas. However, there is increasing inter-
est in jointly comparing these different mycorrhiza types
in terms of their functions and responses to environmen-
tal factors. Such comparisons are necessary for under-
standing the geographical distribution patterns of vege-
tation and associated mycorrhizal fungi, both in relation
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to prevailing environmental conditions and for
predicting changes in these distribution patterns in the
face of global change and land-use alterations (Vargas
et al. 2010; Soudzilovskaia et al. 2015).

Most plant species form only one type of mycorrhi-
zas. However, some woody plants are able to form both
arbuscular mycorrhizas (AM) and ectomycorrhizas
(EM). These include Alnus, Betula, Casuarina, Euca-
lyptus, Populus, Quercus and Salix species (Harley and
Harley 1987; Arveby and Granhall 1998; Thormann
et al. 1999; Chen et al. 2000; Querejeta et al. 2009).
These species are potentially useful as model plants for
comparisons of the function of AM and EM, as they
should allow studying the differences between AM and
EM without the confounding effects from differences
between host-plant species. In addition, an ideal test
plant should form both types of mycorrhizas consistent-
ly under the same growing conditions.

Current understanding about the environmental factors
that favour the formation of EM or AM in the same host
species is mainly derived from correlations in observa-
tional studies along field environmental gradients (Lodge
1989; Gehring et al. 2006; Querejeta et al. 2009) and a
few field experiments (Gehring et al. 2006; Saravesi et al.
2011). There are few experimental studies comparing
seedlings of the same species with either EM or AM;
however, pot and microcosm studies allow the use of
controlled environments, eliminating most of the variabil-
ity in environmental conditions and interacting organisms.
This approach is necessary for studying specific physio-
logical mechanisms and gene expression, providing infor-
mation complementary to that obtained in field studies.
Previously used test plants include Eucalyptus species
(Jones et al. 1998, Chen et al. 2000) and Salix repens, a
small shrub with a maritime distribution (van der Heijden
2001, van der Heijden and Kuyper 2001). For studying
cold-climate phenomena such as the effects of intermittent
freezing and thawing plus wintertime waterlogging, the
host plant should tolerate low temperatures.

For the study of the effects of the mycorrhizal status
on the stress tolerance of the host plants it is an asset if
the mycorrhizal status does not strongly affect the
growth, nutrition and physiology of the host under
non-stress conditions (Lehto 1992; Lehto and Zwiazek
2011). Cultivating AM, EM and non-mycorrhizal (NM)
plants in identical conditions and using the same host
plant will help in identifying the intrinsic differences
between mycorrhiza types. Non-mycorrhizal status may
lead tomore growth in some circumstances, in particular

with high availability of soluble nutrients and restricted
root and hyphal extension (e.g. Plassard et al. 2000;
Korhonen et al. 2019). Mycorrhizal fungi use carbohy-
drates provided by their host plants, but it is argued that
plants usually have a surplus of carbon (Corrêa et al.
2012). As the biomass of AM fungi (AMF) is smaller
than that of EM fungi (EMF), the carbohydrate alloca-
tion to the fungi probably differs (Gehring et al. 2006;
Saravesi et al. 2011), which may or may not lead to
differences in photosynthesis because of a larger carbo-
hydrate sink in EM. It has been shown that plants
provide AM also with fatty acids (Luginbuehl et al.
2017), and these are energetically more costly per mass
unit than sugars. The water transport properties of the
mycorrhizal root types can vary because of differences
in the pathway of water from the soil into the root xylem
or because of physiological differences such as aquapo-
rin function (Lehto and Zwiazek 2011).

Based on numerous studies on P and N uptake,
mycorrhizas are often presumed to have a significant
role in nutrient uptake in general. However, the infor-
mation on the uptake of most other nutrients is limited,
particularly considering the differences between EM
and AM, the different forms of nutrients and different
environmental conditions. Concerning the biochemical
composition of plants, tannins are one of the compound
groups that form a relatively large proportion of plant
biomass, up to 20%. This may vary in response to
differential fungal colonisation and also nutritional sta-
tus (Adamczyk et al. 2017).

We tested the colonisation success on eight boreal
tree species, each separately inoculated with EM and
AM fungi. Based on the results, we selected grey alder
(Alnus incana (L.) Moench) as a test species for further
comparisons. The main aim of this study was to com-
pare AM, EM and non-mycorrhizal (NM) grey alder
seedlings in the same controlled conditions and in the
absence of stressors in relation to their growth, morphol-
ogy, nutritional status, tannins, carbon uptake and water
relations at two harvests.

Material and methods

Screening mycorrhizal colonisation on different tree
species

Acer platanoides L., Alnus glutinosa (L.) Gaertn., Alnus
incana (L.) Moench, Betula pendula Roth, Betula
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pubescens Ehrh. and Sorbus aucuparia L. were grown
from seeds and Salix caprea L. from cuttings that were
surface sterilised with H2O2. Populus tremula L. clonal
plants of four clones, two male and two female
(Randriamanana et al. 2014), were grown at first from
buds in sterile conditions on ½ MS dishes (Murashige
and Skoog 1962) and then transplanted to pots.
A. platanoides seeds were collected in Arboretum
Mustila, Elimäki, Finland 29.10.2003, A. glutinosa
Mustila origin H09–14-530, A. incana seed orchard
Loppi (Natural Resources Institute Finland (Luke)),
Finland, 1980’s, B. pendula seed orchard SV426,
B. pubescens seed orchard SV382, S. aucuparia seeds
University of Eastern Finland, Joensuu campus park,
autumn 2014 and S. caprea cuttings in forest, Kaavi,
Finland, autumn 2013.

Acer platanoides was grown in peat (Luonnonturve,
Kekkilä, Finland) and perlite (PlantePerl, Nordisk Per-
lite, Denmark) mixed in 1:4 volumes. Perlite and quartz
sand (grain size 0.1–0.6 mm) mixed in 1:1 vol. or pure
perlite was used for A. glutinosa, peat (moderately to
well decomposed; H5–6 on von Post scale) and quartz
sand mixed in 1:4 vol. or pure quartz sand for A. incana,
B. pendula and S. caprea. The growing pots of
B. pubescens included perlite or quartz sand and the
pots of P. tremula peat (Luonnonturve) and vermiculite
(REC Indovent, Sweden) mixed in 1:1 vol.

The cultivated strains of AM fungi were Cc =
Claroideoglomus claroideum (V314, Luke Laukaa),
Gh = Glomus hoi (BEG 48, Luke Laukaa), Fm =
Funneliformis mosseae (V307, Luke Laukaa), Ri =
Rhizophagus intraradices (Myko-Ymppi, Luke Laukaa).
The EM fungi were Am=Amanita muscaria (Joensuu,
Finland), H=Hebeloma sp. (Lund, Sweden), Ll =
Laccaria laccata (H. Heinonen-Tanski), La= Lactarius
aspideus (Liperi, Finland), Lea = Leccinum aurantiacum
(Joensuu, Finland), Pi =Paxillus involutus (Joensuu, Fin-
land), EMF1 = EMF-359-1-3, EMF2 = EMF-359-2-1,
EMF3 = EMF-359-2-4. All other EM fungi were isolated
from identified sporocarps except EMF1-EMF3, which
were isolated from A. incana roots (from experimental
plants in Kilpeläinen et al. 2016). For the isolation, visu-
ally distinctive mycorrhizal short roots were severed un-
der a stereo microscope, rinsed in 70% ethanol for one
minute, rinsed in sterile water three times, and then grown
on Hagem agar plates. The fungi were identified as an
ectomycorrhizal ascomycete, courtesy of Dr. T. Helgason.
All EM fungi were previously grown on Hagem agar
plates for 3–4 weeks, then stored in a cold room (+5 °C)

for 6 months, re-inoculated onto a host plant in sterile
conditions and reisolated to Hagem agar plates.

Lactarius aspideus is compatible with Salix species,
L. aurantiacumwith Populus, and the unidentified species
from A. incana roots with Alnus. All other fungi used are
considered generalists, able to colonise many host species.
A soil mix from meadow and forest sites from eastern
Finland was applied as inoculum too (Kilpeläinen et al.
2016, 2017). The soil and perlite weremixed in 3:7 vol. for
A. incana and B. pendula, and soil, peat (Luonnonturve)
and vermiculite mixed in 4:7:7 vol. for P. tremula.

The plants were inoculated with either a single isolate
or with soil inoculum, with no mock inoculum (details
below) after roots started to branch. The growth period
was 8–10 weeks in growth chamber conditions as de-
scribed below. Root samples were stained, and mycor-
rhizas were observed for 5–12 plants per fungal species
(see below).

Cultivation of Alnus incana seedlings and fungal
inoculations

Alnus incana seedlings were grown under controlled con-
ditions in a walk-in growth chamber. For this experiment,
120 seedlings in individual pots were randomly selected
from a larger population. Seeds, collected in Loppi,
Southern Finland, were sterilised in H2O2 using tea in-
fusers (Kilpeläinen et al. 2016) and sown in 165 cm3

plastic pots (Ray Leach ‘Cone-tainers’, Stuewe & Sons,
Tangent, OR, USA) filled with acid washed perlite (day 1
of the experiment). Eight seeds were sown in each pot;
pots were covered with clingfilm and kept in a walk-in
growth chamber (Conviron GR77, Controlled Environ-
ments, Winnipeg, MB, Canada). For germination, the
conditions were constant air relative humidity of 90%
and constant air temperature of 22 °C, with illumination
only by fluorescent tubes (VHO 215 W, Sylvania Cool
White, Sylvania, USA), with 20 h light and 4 h dark.
Photon irradiance was set at 80 μmol m−2 s−1 PAR. The
pots were watered every second day with 50 ml of tap
water. On day 12 the photon irradiance was increased to
200 μmol m−2 s−1 PAR, from this day onwards from both
the same fluorescent tubes plus incandescent bulbs (60W,
Oy Airam, Finland) and on day 18, photon irradiance was
increased to 350 μmol m−2 s−1 PAR. After day 18, the
same day/night timing was maintained, but day/night air
conditions changed 22 °C/17 °C and a relative humidity
of 70/80%.
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Seedlings were allocated at random to the three inoc-
ulation treatments, EM, AM and NM and inoculated on
day 21. Seedlings in EM treatment were inoculated with
Paxillus involutus and the fungus EMF-359-2-1. The
latter was isolated from a visually distinctive
morphotype of ectomycorrhizas of A. incana in a previ-
ous experiment (Kilpeläinen et al. 2016). Both were
grown on Hagem agar plates. Soil was carefully re-
movedwith a spatula to reveal roots; inocula were added
in contact with roots and covered with the removed soil.
EM inoculation was done by adding three fungal pieces
of 5 mm × 5 mm from the actively growing hyphal front
on agar plates. Seedlings in AM treatment were inocu-
lated with Rhizophagus intraradices, which is available
as a commercial product Myko-Ymppi (Luke, Laukaa),
and Glomus hoi (BEG 48, Luke, Laukaa). They were
grown in the roots of host plants and the air-dried,
homogenised growing substrate (sand, perlite plus peat),
including the AM-colonised roots, was applied as an
inoculum. For the AM inoculation, the two AM cultures
were mixed in a volume ratio 1:1 and then 2 ml of the
mixture was added into each corresponding pot. To
compensate for the nutrients added with the inocula,
2 ml of autoclaved AM inoculum were added to pots
with EM seedlings, three Hagem agar pieces of 5 mm×
5 mm without fungus were added to the AM seedlings,
and both mock inocula were added to NM seedlings.
Unlike in field conditions, the seedlings were not infect-
ed by nitrogen-fixing Frankia bacteria. After inocula-
tion, the plants were watered daily.

Fertilisation started on day 39, using a Kekkilä irri-
gation fertiliser (16.6% N, 4.0% P, 25.3% K, 0.03% B,
0.014%Cu, 0.18% Fe, 0.10%Mn, 0.001%Mo, 0.023%
Zn) at a N concentration of 20 mg l−1 on five days per
week. The pots were flushed with an excess of the
fertiliser solution. On day 60 the fertiliser concentration
was increased to 30 mg l−1 of N. Part of the AM plants
showed incipient symptoms of magnesium (Mg) defi-
ciency and on day 66, 12 mg of Mg per litre of water
was added to the mix of water and fertiliser of all plants
in each mycorrhizal treatment as Mg(NO3)2·6H2O. On
day 68 the Kekkilä irrigation fertiliser was substituted
with nutrient solution keeping the concentration at the
same 30 mg l−1 of N (Riddoch et al. 1991). The addi-
tionalMgwas supplied to all plants until day 73. On day
81, the concentration of the nutrient solution was in-
creased to 50 mg l−1 of N, with all other nutrients
proportionally increased. On day 48, one of the germi-
nated plants was selected from each pot based on

healthy appearance and growth, and the discarded plants
were cut at the root collar.

Measurements and harvests

On days 81 (harvest 1) and 89–90 (harvest 2), 20 repli-
cate plants for eachmycorrhiza treatment were chosen at
random, i.e. 60 plants per harvest, and in total 120 plants
and pots. In harvest 1, a subset of 12 plants was used for
root morphology and root tannin analyses and the rest of
the root systems were harvested for mycorrhiza obser-
vation (details below). In harvest 2, gas exchange and
shoot water potential were measured. The roots of 12
plants per treatment were separated from the substrate
and mycorrhiza colonisation and root dry mass were
determined. Total leaf area and leaf and stem biomass
were determined in all 20 plants per treatment and
harvest. After this, leaf samples were pooled in order
to have large enough samples for nutrient analyses (see
below).

The gas exchange and water potential were measured
in harvest 2 on two consecutive days - 10 seedlings per
day, 20 in total - and completed within three hours after
midday each day. Carbon dioxide and water vapour
exchange was determined with the portable instrument
LI-6400 using a broadleaf cuvette (Li-Cor, Lincoln, NE,
USA) at 24 °C air temperature, 300 μmol m−2 s−1 PAR
from a blue-red LED source, ambient CO2 at
450 μmol mol−1, air flow rate 500 μmol s−1 and water
vapour pressure 2 kPa corresponding to relative humid-
ity 70%, giving a leaf to air vapour pressure difference
of 0.9 to 1.0 kPa. Stomatal conductance (gs), net photo-
synthesis A and intercellular CO2 concentration (Ci)
were computed by the LI-6400. After stabilization, three
measurements were taken at intervals of 1 min. In fur-
ther computations, the set of values used was the one
with the median stomatal conductance (of the three
consecutive measurements) for each plant. After the
gas exchange measurements, the shoots were cut at soil
surface and the shoot water potential was measured with
a pressure chamber Model 1000 (PMS Instruments,
Albany, OR, USA).

Chlorophyll concentration was assessed from the top-
most fully expanded leaf with a SPAD-502 (Konica
Minolta Sensing Europe B.V.), calculating the mean of
three measurements for each seedling. The calibration of
the data from chlorophyll measurements was done by the
equation chlorophyll concentration (μmol m−2) =
10(M^0.26721), based on Markwell et al. (1995), but
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substituting their calibration constant, 0.265, with that of
the SPAD unit used, 0.26721 (Randriamanana et al. 2012).

The leaves were separated from stems and scanned
with a flatbed scanner (Expression 1640XL, Epson)
using the software Epson scan (version 2.95E). The total
leaf area of each seedling was determined using ImageJ
(version 1.50a) image editor (Wang 2017). The stems
and leaves were weighed after drying to constantmass at
40 °C. The pots with the perlite and root systems were
stored in a freezer at −20 °C until root separation.

Root morphology and mycorrhizal colonisation

Pots were thawed at 6–10 °C. Roots were separated with
forceps in tap water. In harvest 1, the complete root
systems of 10 plants in EM and AM and 12 plants in
NM treatments were scanned (Expression 1640 flatbed
scanner, Epson). The total root length, number of tips
and mean root diameter were determined using
WinRHIZO Pro (2012b) (Regent Instruments, Quebec,
Canada). After being scanned, the roots were dried at
40 °C and weighed. For tannin analysis, randomly se-
lected pairs of root systems within treatments were
pooled to get large enough samples and ground with a
ball mill to yield five replicates.

In harvest 1, eight plants per treatment were reserved
for microscopy to assess colonisation by EM and AM
and check for possible contamination in NM. In harvest
1, the microscopy observations were exploratory, only
to confirm that mycorrhizas had started forming, and
these data are not shown. In harvest 2, 12 plants per
treatment were used for microscopy. Two subsamples
were taken, from depth of 0.5 cm to 3.0 cm and depth of
4.0 cm to 6.5 cm. Each subsample had at least 150 root
tips and 100 intersections in a 1.27 cm gridline drawn in
a 90 mm× 15 mm petri dish (Giovannetti and Mosse
1980). In cases when the initial root subsamples were
not big enough to fill this requirement, larger subsam-
ples from a wider range of depths or even the whole root
system below a depth of 0.5 cm was examined.

The root samples from the EM treatment were
stained using Ponceau S stain (Daughtridge et al.
1986). The numbers of EM short roots with mantle
and non-mycorrhizal short roots were counted under a
stereo microscope as numbers of root tips. The root
samples from the AM and NM treatments were cleared
and thereafter stained with methyl blue. They were first
kept in a 10% potassium hydroxide solution overnight at
room temperature, then transferred to an alkaline

hydrogen peroxide solution at room temperature, and
20 min later transferred to a 1% hydrochloride dilution
for two hours at room temperature. The staining was
done by immersion of the samples for one hour and a
half in a pre-heated solution containing lactic acid, glyc-
erol and methyl blue (Grace and Stribley 1991) at 80 °C.
Quantification of AM was done using the gridline inter-
sect method under a stereo microscope (Giovannetti and
Mosse 1980). Root intersections with the gridline were
counted and the presence of hyphae, arbuscules, spores,
vesicles or none at each one recorded. In cases when the
presence of mycorrhiza was uncertain, roots were addi-
tionally observed under a light microscope at higher
magnification.

The subsamples used for assessment of mycorrhizas
together with the remaining parts of the root systems
were dried at 40 °C for total root dry mass
determination.

Foliar nutrient analyses

Leaf pooling within each mycorrhizal treatment and
harvest was needed to obtain sufficiently large samples
for nutrient analyses. From harvest 1, all leaves of 10
seedlings were combined in each pooled sample, thus
two pooled samples were analysed for each mycorrhizal
treatment. From harvest 2, all leaves of five seedlings
were combined in each pooled sample, thus four pooled
samples per mycorrhizal treatment were chemically
analysed. Total nitrogen concentration was analysed
using the Kjeldahl method (Halonen et al. 1983). For
other nutrients MARS5 microwave wet digestion in
HNO3 and H2O2 in Teflon containers (method based
on Epa 3051 (U.S. EPA 2007)) was done and then ICP-
OES (Iris Intrepid II XSP, Thermo Elemental, Franklin,
MA, USA) was used to measure elemental concentra-
tions in the digests. Technical replicates were used to
check the consistency of the results. Foliar nutrient
contents per tree were calculated by multiplying the
concentrations by the mean dry mass of leaves of the
pooled trees (n = 2 in harvest 1 and n = 4 in harvest 2).

Total tannin concentration

Root tannins were analysed from the same plants that
were used in the root morphology measurement with
WinRhizo. There were 10 plants per treatment (two
were discarded at randomisation to get equal number
of replicates). Randomly selected pairs of root systems
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within each mycorrhizal treatment were pooled and
ground with a ball mill to yield five replicates.
Concentration of tannins was measured using the
protein precipitating method of Hagerman and Butler
(1978) as described in Adamczyk et al. (2008). This
method measures the total amount of tannins (both
condensed and hydrolysable) precipitated by protein.
Tannic acid (Sigma Chemicals), characterized in
Adamczyk et al. (2012), was used as a standard. Sam-
ples were measured in 3 technical replicates and the
mean of these was used in statistics and reporting. The
results are presented as milligrams of tannic acid equiv-
alents per gram of dry plant material.

Statistical analysis

The data were subjected to analysis of variance, using
the mycorrhizal treatment as a fixed factor. For the
measurements that were done in both harvests, a facto-
rial ANOVA with factors mycorrhiza treatment × har-
vest was used. In case the mycorrhiza treatment was
significant (P ≤ 0.05) or nearly significant (0.05 < P ≤
0.1), Tukey’s test was done for the main effect of

mycorrhiza. If the interaction of harvest and mycorrhiza
treatment was significant, the ANOVA and Tukey’s test
were repeated for each harvest separately. All data were
analysed using the software IBM SPSS Statistics 21.

Results

Mycorrhizal colonisation in eight tree species

In the mycorrhizal colonisation tests with four species of
AMF, nine isolates of EMF or soil inoculum, Acer and
Sorbus formed only AM while both Betula species had
only EM (Table 1). Both Alnus species formed both
types but A. glutinosa had less AM colonisation. Salix
caprea had more AM than EM. Populus tremula had
EM although also some intraradical AM hyphae.

Mycorrhiza colonisation in the Alnus incana experiment

The colonisation rates of EM were between 50% and
80% of root tips (mean ± SE 70.7 ± 1.74%). In the case
of AM, there was a high variability in the colonisation

Table 1 Mycorrhizal colonisation tests with different tree and fungal species (n = 5–12 per species combination)

AM/
EM

Acer
platanoides

Alnus
glutinosa

Alnus
incana

Betula
pendula

Betula
pubescens

Populus
tremula

Salix
caprea

Sorbus
aucuparia

Cc AM n.a. + ++ – n.a. -1 ++ n.a.

Gh AM +++ + ++ – – -1 ++ +

Fm AM n.a. n.a. + – n.a. n.a. ++ n.a.

Ri AM +++ ++ ++ – – -1 ++ ++

Am EM – + + +++ ++ n.a. n.a. –

H EM – + + +++ ++ – n.a. –

Ll EM n.a. n.a. n.a. n.a. n.a. + n.a. n.a.

La EM n.a. n.a. n.a. n.a. n.a. n.a. + n.a.

Lea EM n.a. n.a. n.a. n.a. n.a. + n.a. n.a.

Pi EM – ++ + +++ ++ – + –

EMF1 EM n.a. + n.a. n.a. n.a. n.a. n.a. n.a.

EMF2 EM n.a. + n.a. n.a. n.a. n.a. n.a. n.a.

EMF3 EM n.a. + n.a. n.a. n.a. n.a. n.a. n.a.

Soil AM n.a. + +++* -* n.a. -1 n.a. n.a.

Soil EM n.a. + +++* +++* n.a. ++ n.a. n.a.

Fungal species:Cc=Claroideoglomus claroideum,Gh=Glomus hoi, Fm= Funneliformis mosseae, Ri = Rhizophagus intraradices, Am =
Amanita muscaria, H=Hebeloma, Ll = Laccaria laccata, La= Lactarius aspideus, Lea = Leccinum aurantiacum, Pi = Paxillus involutus,
EMF1 = EMF-359-1-3 strain isolated from A. incana roots, EMF2 = EMF-359-2-1 strain isolated from A. incana roots, EMF3 = EMF-359-
2-4 strain isolated from A. incana roots, Soil AM= Soil frommeadow and forest sites from eastern Finland leading to AM colonisation, Soil
EM= Soil from meadow and forest sites leading to EM colonisation. EM= ectomycorrhizal, AM= arbuscular mycorrhizal, EMF =
ectomycorrhizal fungi. Mycorrhizal colonisation: None (−), Limited (<10% of root length or root tips for AM and EM, respectively, +),
Moderate (≥10% and < 30%, ++), Abundant (≥30%, +++), Not applied (n.a.)

* Kilpeläinen et al. 2016, 2017. 1 Only AM hyphae found
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percentage per root length (31.8 ± 5.9%), with colonisa-
tion rates up to 65%; in two seedlings no arbuscules
were found (mean of arbuscules per root length 11.4 ±
2.8%). Spores occurred on ca. 1/10 of root length (10.2
± 2.87%). Vesicles were found only in one seedling with
a vesicle percentage of 0.53%. No contamination of AM
and EM was found in NM seedlings, or cross-
contamination with the other mycorrhiza type in the
inoculated seedlings. There was no air- or seed-borne
Frankia colonisation either, as observed during
microscopy.

Water potential, gas exchange and chlorophyll

There were no statistically significant differences in the
shoot water potential, stomatal conductance, intercellu-
lar CO2 concentration, photosynthesis per leaf area and
chlorophyll concentrations between the mycorrhizal
treatments (Table 2). Photosynthesis per leaf dry mass
was somewhat higher in AM than in the other treatments
(Panova = 0.054).

Root morphology and tannins

The number of root tips per plant was similar between
treatments but the number of root tips per root length was
significantly different between all the treatments, highest
in AM and lowest in NM (Panova < 0.001) (Table 3). The
mean number of tips per root dry mass was largest in AM
and root diameter was smallest in AM (Table 3). Total
root length did not differ significantly between the

mycorrhizal treatments (Panova = 0.140) (Fig. 1a) but the
specific root length (Panova = 0.007) was highest in AM
treatment (Fig. 1b). There were no significant differences
in the root tannin concentrations (Table 3).

Plant dry mass and its allocation

The harvest effect was highly significant (Panova <
0.001) for the dry mass of the plant parts and total, and
the mycorrhiza effect was significant as well, but the
interactions were not. Both the aboveground parts
(Panova ≤ 0.009) and the root dry mass (Panova = 0.011)
as well as the total plant dry mass (Panova < 0.001) of the
AM seedlings were smaller than EM and NM (Fig. 2).
The mean total dry mass of AM plants was 73% of that
of EM in harvest 1, and 82% in harvest 2. Leaf and root
mass ratios did not differ significantly between the
treatments. Between the harvests there was a significant
shift in allocation from leaves towards roots but it was
not affected by the mycorrhiza treatment (Table 4). The
stem mass to total plant mass ratio was slightly smaller
in AM. The total leaf area was smallest and the specific
leaf area (SLA) was largest in AM at both harvests, with
no difference between EM and NM (Table 4).

Foliar nutrients

Several nutrient concentrations as N, P, K, Ca, Mg, Mn
and S, were highest in the AM plants, while B and Zn
did not show a significant mycorrhizal effect (Table 5).
In harvest 2, the nutrient concentrations had decreased

Table 2 Mean (±SE) shoot water potential (Ψ), stomatal conduc-
tance (gs), intercellular CO2 concentration (Ci), photosynthesis per
leaf area (A) and per leaf dry mass (A/DM) plus chlorophyll

concentration per leaf area (Chlarea) and leaf mass (Chlmass) in
harvest 2 by mycorrhizal treatments (n = 20)

Trait EM AM NM Panova

Ψ (MPa) −0.49 (0.020) −0.47 (0.023) −0.45 (0.018) 0.416

gs (mol m−2 s−1) 0.147 (0.012) 0.174 (0.015) 0.159 (0.013) 0.378

Ci (μmol mol−1) 332 (6.54) 345 (5.17) 338 (6.80) 0.379

A (μmol m−2 s−1) 7.99 (0.313) 8.15 (0.365) 7.97 (0.207) 0.899

A/DM (μmol g−1 s−1) 0.186 (0.008)ab 0.213 (0.012)b 0.184 (0.0072)a 0.054

Chlarea (μmol m−2) 330 (10.3) 306 (10.2) 322 (10.9) 0.243

Chlmass (μmol g−1) 7.71 (0.270) 7.88 (0.210) 7.39 (0.260) 0.368

Gas exchange measured in the growth PAR

P values from one-way ANOVA (dferror = 57) are italicised if 0.05 < P ≤ 0.10; different letters indicate differences between treatments
(Tukey’s test, P ≤ 0.05)
EM ectomycorrhizal, AM arbuscular mycorrhizal, NM non-mycorrhizal
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with the growth of the plants, except for B, Ca and Mn
that increased. Copper concentration was largest in EM
and smallest in NM. The very large difference between
harvests led to a nearly significant interaction for Cu, but
the difference between mycorrhizal treatments remained
the same in the two harvests. Otherwise the interactions
were not even near significant level.

In contrast to the foliar concentrations, the N and Mg
and S contents were significantly lower in AM than NM
and EM, which did not differ from each other (Table 6).
For Ca this same effect was nearly significant (overall
mean of AM smaller than EM and NM). In the cases of
P, K and Zn contents, the mycorrhizal effect was not
significant (Table 6). The AM seedlings had lower B
and Mn contents only in harvest 2 (nearly significant
interaction). All the foliar nutrient contents increased

with the growth of the plants (significant harvest effect).
The differences between the mycorrhizal treatments be-
came larger in harvest 2, but the direction of effects was
in general consistent between the harvests (most inter-
actions far from significance).

Discussion

We aimed to identify one ormore boreal tree species that
would be useful for comparisons of AM and EM in
young plants, and then do a comparison of different
traits in the most promising species in non-stressing
conditions. Out of the eight deciduous species tested,
Acer platanoides and Sorbus aucuparia formed only
AM and Betula pendula, B. pubescens and Populus

Table 3 Means (±SE) of morphological characteristics (n = 10 for EM and 12 for AM and NM) and tannin concentrations (n = 5, each
sample pooled from two seedlings) of roots in harvest 1

Trait EM AM NM P

Root tips per plant 1163 (69) 1105 (72) 972 (55) 0.110

Root tips (mg−1) 12.6 (0.91)a 17.4 (1.01)b 10.9 (0.57)a <0.001

Root tips (cm−1) 2.52(0.103)b 2.85 (0.099)c 2.22 (0.070)a <0.001

Mean diameter (mm) 0.436 (0.014)b 0.354 (0.014)a 0.456 (0.012)b <0.001

TAE (mg g−1) 23.8 (1.5) 17.6 (2.6) 20.5 (2.5) 0.199

P values from one-way ANOVA (dferror = 29 except for TAE dferror = 12) if ≤0.05 are in bold; different letters indicate differences between
treatments (Tukey’s test, P ≤ 0.05)
TAE tannic acid equivalents, EM ectomycorrhizal, AM arbuscular mycorrhizal, NM non-mycorrhizal

Fig. 1 Mean (±SE) (a) total root length (P = 0.140, dferror = 29) and (b) specific root length (P = 0.051, dferror = 29) in harvest 1 (n = 10 for
EM and 12 for AM and NM). Different letters indicate differences between treatments (Tukey’s test, P ≤ 0.05)
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tremula only EM, although some AM hyphae were seen
in the P. tremula roots. Only Alnus glutinosa, A. incana
and Salix caprea formed both AM and EM. As
S. caprea was more prone to AM than EM formation

and A. glutinosa had fewAM, A. incana, grey alder, was
found to be the most promising species for further study.

Similarly, in previous studies, many hosts that
formed both types of mycorrhizas showed a preference

Fig. 2 Mean (±SE) plant dry
masses in different mycorrhizal
treatments: EM =
ectomycorrhizal, AM=
arbuscular mycorrhizal, NM =
non-mycorrhizal. For stem and
leaf dry mass n = 20 at each
harvest and for roots n = 12 at
each harvest. Different lower-case
letters indicate significant
differences between treatments in
dry masses of leaves, stems and
roots and capital letters in total
plant dry mass, both harvests
tested together (Tukey’s test, P ≤
0.05)

Table 4 Mean (± SE) dry mass ratios of leaves, stem and roots (%) of seedlings in harvests 1 and 2, n = 12

Trait H EM AM NM Panova

M H MxH

Dry mass ratios (%)

Stem:Total 1 14.3 (0.48) 13.8 (0.61) 15.5 (0.58) 0.083 0.694 0.388

2 14.9 (0.69) 14.0 (0.54) 13.7 (0.67)

Leaf:Total 1 56.0 (0.43) 60.4 (2.14) 55.1 (0.74) 0.415 0.007 0.433

2 51.4 (1.48) 46.6 (1.33) 45.5 (1.84)

Root:Total 1 29.7 (0.73) 25.7 (1.81) 29.3 (0.85) 0.272 0.038 0.486

2 33.7 (1.82) 39.4 (1.38) 40.7 (2.42)

Leaf area (cm2) 1 39.6 (1.90)b 35.3 (2.43)a 41.9 (2.10)b 0.015 <0.001 0.469

2 79.0 (4.77) 65.6 (3.64) 75.9 (2.41)

SLA (cm2 g−1) 1 251 (6.89)a 273 (6.37)b 251 (6.06)a <0.001 0.171 0.365

2 234 (5.01) 260 (6.54) 230 (5.37)

Total leaf area per plant and specific leaf area (SLA), n = 20. P values from two-wayANOVA (dferror = 64 or dferror = 114) if ≤0.05 are in bold
and italicised if 0.05 <P ≤ 0.10. Different letters indicate differences between treatments (Tukey’s test, P ≤ 0.05); if the interaction is not
significant, the mycorrhizal main effect is marked only in the line of harvest 1

H harvest, M mycorrhizal treatment, MxH interaction, EM ectomycorrhizal, AM arbuscular mycorrhizal, NM non-mycorrhizal
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to either type in given environmental conditions despite
the often-reported dual-mycorrhizal symbioses (van der
Heijden and Vosatka 1999; Chen et al. 2000; Saravesi
et al. 2011). Single-type symbioses are generally more
common in nature (Moora 2014). Perhaps the array of
morphological and physiological modifications by the
host is so different for the two mycorrhiza types that
these are not often found together. In addition to the
identity of the host and the fungus, the soil properties
have an influence on the colonisation and efficacy of
mycorrhizal associations (e.g. Johnson et al. 2010), and
probably climatic factors affect as well (Kilpeläinen
et al. 2016). Here in the colonisation experiments, we
aimed to create conditions that would not favour one
mycorrhiza type over the other.

The mycorrhizal inoculation in grey alder was suc-
cessful, leading to 30% of the root length colonised in
AM inoculated plants and 70% of mycorrhizal root tips
in EM plants (harvest 2). These rates are similar as in
grey alder grown in soils containing both AM and EM
propagules (Kilpeläinen et al. 2017), while in another

experiment we observed 40–50% of EM root tips and
40–50% root length colonised by AM in grey alder
(Kilpeläinen et al. 2016). However, in those previous
field-soil experiments, where there were both types of
mycorrhizas in the same seedlings, there were fewer
arbuscules than here. Our results contrast to field studies
on grey alder in Sweden, where only AM were found in
first-year seedlings and EM appeared in the second year
(Arveby and Granhall 1998). A similar succession of
AM followed by EM was shown in Quercus agrifolia
(Egerton-Warburton and Allen 2001).

Here, AM plants were smaller than either EM or NM.
Although the mass of the root systems in harvest 1 was
smallest in AM, root length and especially the number of
root tips were not much smaller. This resulted inmore root
tips per unit root length or mass in AM plants. A high
degree of root branching is probably related to high
nutrient uptake activity, and it was found to be the trait
most dynamic and most affected by the environment out
of 14 root traits analysed in temperate forest trees (Liese
et al. 2017). Usually more root branching has been found

Table 5 Mean (±SE) foliar nutrient concentrations of the seedlings from different mycorrhizal treatments (n = 2 in harvest 1 and n = 4 in
harvest 2)

Nutrient H EM AM NM M H MxH

N (mg g−1) 1 24.8 (0.262)ab 25.7 (0.932)b 23.1 (1.886)a 0.030 <0.001 0.661
2 17.6 (0.268) 19.6 (0.736) 17.3 (0.552)

P (mg g−1) 1 2.36 (0.002)a 2.53 (0.020)b 2.21 (0.187)a <0.001 <0.001 0.235
2 1.63 (0.050) 2.07 (0.053) 1.56 (0.065)

K (mg g−1) 1 11.8 (0.386)a 13.7 (0.180)b 11.3 (0.340)a <0.001 <0.001 0.952
2 9.71 (0.212) 11.7 (0.357) 9.07 (0.344)

B (μg g−1) 1 14.1 (0.520) 17.0 (0.438) 17.2 (2.30) 0.118 <0.001 0.137
2 24.8 (0.917) 26.6 (0.387) 23.5 (1.03)

Ca (mg g−1) 1 3.90 (0.275)a 5.01 (0.579)b 4.49 (0.341)a 0.007 0.005 0.552
2 4.88 (0.163) 5.62 (0.133) 4.95 (0.148)

Cu (μg g−1) 1 7.25 (0.108)b 5.96 (1.06)ab 5.45 (0.225)a 0.029 <0.001 0.088
2 3.99 (0.196) 3.89 (0.111) 3.76 (0.221)

Mg (mg g−1) 1 2.52 (0.158)a 2.88 (0.088)b 2.56 (0.047)a 0.002 <0.001 0.993
2 2.05 (0.056) 2.38 (0.078) 2.07 (0.051)

Mn (μg g−1) 1 54.7 (1.64)a 63.4 (1.01)b 53.5 (2.89)a <0.001 <0.001 0.773
2 72.6 (1.82) 83.4 (1.28) 73.9 (1.58)

S (mg g−1) 1 1.43 (0.012)a 1.60 (0.058)b 1.36 (0.076)a <0.001 <0.001 0.875
2 0.907 (0.013) 1.08 (0.028) 0.869 (0.029)

Zn (μg g−1) 1 15.0 (1.10) 12.0 (1.07) 12.5 (0.420) 0.952 0.028 0.145
2 9.04 (0.608) 11.6 (0.952) 10.6 (1.76)

P values from two-way ANOVA (dferror = 12) if ≤0.05 are in bold and italicised if 0.05 < P ≤ 0.10; different letters indicate differences
between treatments (Tukey’s test, P ≤ 0.05), italicised if 0.05 < P ≤ 0.10. As the interactions were not significant, the overall mycorrhizal
main effect is shown (for Cu, see text)

H harvest, M mycorrhizal treatment, MxH interaction, EM ectomycorrhizal, AM arbuscular mycorrhizal, NM non-mycorrhizal
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in EM tree species than AM, but one of the reasons for
this is the formation of coralloid EM with very large
numbers of tips close to each other (Liese et al. 2017).

AM roots were clearly thinner than in the other
treatments, which led to somewhat higher specific root
length (SRL). SRL is considered as an index of benefit
to cost ratio, a high value describing a large absorbing
surface area relative to the carbon cost of roots (Ostonen
et al. 2007). During EM formation, root length growth
ceases soon after root-tip infection, and mantle forma-
tion itself adds to the thickness of the mycorrhizal part of
the root systems. Therefore, a larger SRL is to be ex-
pected in AM plants than in EM ones as a result of
thinner AM roots, as found in eucalypt seedlings (Chen
et al. 2000). On one hand, SRL has been found to
change in response to many environmental factors and
it has been described as a useful stress indicator
(Ostonen et al. 2007). On the other hand, SRL does
not include the surface area or the carbon cost of exter-
nal mycelium, making its use for the comparison be-
tween different mycorrhizal roots somewhat

problematic. This is so, because the extension and nu-
trient uptake capacity of the external mycelium vary
greatly among fungal species within and between my-
corrhiza types and can be functionally more important
than that of the roots themselves. Moreover, in a
between-species comparison, both AM and EM trees
had an equal range of fine-root diameters, although SRL
was not determined (Chen et al. 2016).

In comparisons between tree species, specific leaf
area (SLA) and SRL are often positively correlated
(Withington et al. 2006; Liese et al. 2017), and here
we have shown the same pattern in AM and EM plants
within a single host tree species. Similarly as SRL, SLA
indicates larger surface area compared to biomass.
Therefore, these morphological traits are associatedwith
higher efficiency of resource use in structures and they
should lead to higher nutrient and carbon assimilation
per unit biomass. In a comparison of 15 silver birch
(Betula pendula) genotypes, SLA was identified as the
trait that correlated most with growth (alongside with
fresh mass / dry mass ratio) out of 13 aboveground

Table 6 Mean (±SE) foliar nutrient contents per plant in the seedlings of different mycorrhizal treatments (n = 2 in harvest 1 and n = 4 in
harvest 2)

Nutrient H EM AM NM M H MxH

N (mg) 1 4.00 (0.042)b 3.35 (0.121)a 3.86 (0.316)b 0.003 <0.001 0.670
2 5.98 (0.091) 4.99 (0.188) 5.73 (0.183)

P (mg) 1 0.380 (0.000) 0.329 (0.003) 0.370 (0.031) 0.205 <0.001 0.470
2 0.554 (0.017) 0.528 (0.013) 0.517 (0.022)

K (mg) 1 1.90 (0.062) 1.79 (0.023) 1.89 (0.057) 0.157 <0.001 0.411
2 3.29 (0.072) 2.99 (0.091) 3.00 (0.114)

B (μg) 1 2.27 (0.084)a 2.22 (0.057)a 2.88 (0.384)a 0.028 <0.001 0.060
2 8.40 (0.311)c 6.79 (0.099)b 7.77 (0.340)c

Ca (mg) 1 0.629 (0.044)b 0.653 (0.076)a 0.752 (0.057)b 0.054 0.001 0.133
2 1.65 (0.055) 1.43 (0.034) 1.64 (0.049)

Cu (μg) 1 1.17 (0.017)b 0.777 (0.139)a 0.913 (0.038)a 0.001 0.051 0.580
2 1.35 (0.066) 0.993 (0.028) 1.25 (0.073)

Mg (mg) 1 0.407 (0.025)b 0.375 (0.011)a 0.429 (0.008)b 0.016 <0.001 0.457
2 0.693 (0.019) 0.607 (0.020) 0.685 (0.017)

Mn (μg) 1 8.81 (0.264)a 8.26 (0.131)a 8.95 (0.483)a 0.006 <0.001 0.052
2 24.6 (0.618)c 21.3 (0.327)b 24.5 (0.524)c

S (mg) 1 0.230 (0.002)b 0.209 (0.008)a 0.228 (0.013)ab 0.027 <0.001 0.617
2 0.307 (0.004) 0.275 (0.007) 0.288 (0.010)

Zn (μg) 1 2.41 (0.177) 1.56 (0.139) 2.10 (0.070) 0.386 0.005 0.581
2 3.06 (0.206) 2.97 (0.243) 3.52 (0.584)

P values from two-way ANOVA (dferror = 12) if ≤0.05 are in bold and italicised if 0.05 < P ≤ 0.10; different letters indicate differences
between treatments (Tukey’s test, P ≤ 0.05), italicised if 0.05 < P ≤ 0.10.When P > 0.10 for the interaction term, the mycorrhizal main effect
is shown only in harvest 1. In the case of B and Mn, harvests 1 and 2 were tested separately (P interaction < 0.10)

H harvest, M mycorrhizal treatment, MxH interaction, EM ectomycorrhizal, AM arbuscular mycorrhizal, NM non-mycorrhizal
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morphological and physiological traits (Possen et al.
2014). The traits assessed by Possen et al. (2014) in-
cluded gas exchange and leaf water potential. Also, in
the present study, gas exchange per unit leaf area and
shoot water potential in non-stress conditions were not
different in the mycorrhiza treatments. Similar Ci and
chlorophyll concentration indicate that there were no
major differences in the photosynthetic apparatus. How-
ever, the 15% higher photosynthetic rate per unit leaf
mass, following from higher SLA in AM plants yet
suggests a more efficient use of resources in structures.

Shoot water potential and stomatal conductance tak-
en together with the soil moisture level form a proxy for
the hydraulic conductance of the soil-(fungus)-plant-
atmosphere continuum (Kramer and Boyer 1995). Here,
soil moisture was not different in the mycorrhizal treat-
ments, as the plants were watered frequently. Conse-
quently, as no differences in stomatal conductance or
plant water status could be detected, it is likely that
hydraulic conductance of the soil-(fungus)-plant-atmo-
sphere continuum was little affected by the treatments.
Augé et al. (2015) reported that AM tended to increase
stomatal conductance especially during drought condi-
tions. The results on water relations of EM plants in
comparison to NM plants have varied between different
studies, showing in some cases reduction in root hy-
draulic conductance (Lehto and Zwiazek 2011). Water
relations as well as other properties of AM, EM and NM
plants remain to be studied under stress conditions.

The changes in traits in a direction of increased re-
source use efficiency in AM compared to EM and NM
plants, namely larger root branching, SRL and SLA,
appear to be in contrast to the smaller biomass in AM
plants. In this experiment, the growth of AM plants was
slowest at the early stage, possibly due to initial incom-
patibility with one of the inoculant fungi or some other
early-stage growth inhibition. As the relative difference in
biomass between EM and AM plants decreased from the
first to the second harvest, it follows that AM plants were
growing at a faster rate relative to their size. This is in
agreement with the indices of efficiency (root branching,
SRL, SLA). If the faster growth rate of young alder
seedlings with AM applies also to field conditions, it
would be an advantage for seedling recruitment. This
could be a key to the initial dominance of AM in grey
alder, which was shown by Arveby and Granhall (1998)
in field conditions in Sweden.

The morphological root traits of AM plants could be
interpreted as leading to a highly efficient root system.

The concentrations of several nutrients were indeed
highest in the AM plants: Ca, K, Mg, Mn, N, P and S.
However, the higher nutrient concentrations in AM
plants can alternatively be a result of their smaller size
rather than more efficient uptake. This interpretation is
supported by the decrease in most nutrient concentra-
tions between harvests. Moreover, the foliar contents of
B, N, Mg, Mn and S per plant were lowest in the AM
treatment. Phosphorus and K were exceptions, as their
concentrations were clearly higher in AM plants and the
contents were similar between treatments. While the
changes in morphological traits in the AM root systems
suggest improved uptake efficiency, the contribution of
the increases in root surface area and density to nutrient
uptake depends on the nutrient considered and its avail-
ability. In this study the AM plants were able to accu-
mulate as much P and K in the foliage as the larger EM
and NM plants, which suggests relatively more efficient
uptake of these nutrients by AM. None of the nutrient
concentrations were near deficiency despite the treat-
ment differences in these non-stress conditions, al-
though Cu and Zn were rather low (on the basis of
recommendations for birch, Reinikainen et al. 1998).
Boron, Ca andMn showed a different pattern from other
nutrients, as their concentrations increased between har-
vests. As B and Ca have roles in the formation of cell
walls (Brown et al. 2002, White and Broadley 2003),
their increase suggests an increased requirement and
uptake during the development and exponential growth
of the seedlings.

The results from earlier studies have been context-
dependent. AM formation increased the growth of Salix
repens compared to NM, especially at times with low P
in cuttings, even though the AM colonisation was very
low, less than 5% (van der Heijden 2001). In another
study, EM increased the aboveground growth of
S. repens more than AM compared to non-mycorrhizal
status (van der Heijden and Kuyper 2001). In low-P
conditions both EM and AM eucalypts grew better than
NM (Chen et al. 2000), and Jones et al. (1998) found
more P taken up by EM eucalypts than AM ones.
Between-species differences and the form of P in the
substrate are possible explanations for the different
results. In our study, soluble P was available while
Jones et al. (1998) grew the plants in a soil-sand mix
apparently including organic and complex P forms. In
our experiment, all nutrients were in mineral forms in
the nutrient solutions including both ammonium and
nitrate, and the alder seedlings were able to maintain
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sufficient foliar-N levels in all treatments despite the
lack of nitrogen-fixing symbiosis with Frankia.

Tannin concentrations were not significantly differ-
ent in the different treatments. More work is needed to
clarify the changes in plant phenolic accumulation and
composition in response to mycorrhizal fungi. Tannins
comprise a large investment in terms of carbon, and they
are active defence compounds; phenolic compounds
may also have a role in limiting the extent of the Hartig
net (Feugey et al. 1999). Further studies will show if the
difference between mycorrhizal types is larger in stress
conditions.

In conclusion, we have shown that grey alder (Alnus
incana) can be successfully inoculated with both EMF
and AMF under the same growing conditions. The
plants in the different treatments differed mainly by the
smaller size of AM plants and their higher number of
root tips per root length, SRL and SLA and relatively
more efficient P, K and Zn accumulation. Photosynthe-
sis per unit leaf area and water relations in non-stressed
conditions did not show significant difference, but the
higher SLA led to somewhat higher photosynthetic rate
per unit mass in AM plants. Fungal species and geno-
types are likely to differ from each other, and therefore
several isolates should be used in further studies. Grey
alder can be used as a model plant for assessing the
behaviour of AM and EM symbioses at different levels
of organisation, for example in genomics studies and
ecophysiological studies on the carbohydrate economy
and nutrient uptake in different soil conditions and under
environmental stress.
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