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and all mycorrhizal plants grew best with ammonium. 
Competition shaped plant benefit from mycorrhizal 
symbiosis depending on the N source. Competition 
reduced mycorrhizal growth benefit in glycine-grown 
seedlings, but not in adults. Plant performance did not 
show uniform relationship with δ15N, but δ15N was 
affected by life stage, competition and mycorrhiza.
Conclusions  Plant competition and AMF shape 
plant N source use. Plant and AMF benefit of the 
symbiosis depend on the N source.

Keywords  Arbuscular mycorrhizal fungi (AMF) · 
niche partitioning · nitrogen (N) · δ15N isotopic 
signatures · Solidago virgaurea · plant competition · 
Arctic

Abbreviations 
AMF	� Arbuscular mycorrhizal fungi
NM	� Non-mycorrhizal
N	� nitrogen

Introduction

In plant communities, access to multiple nitrogen (N) 
sources may enhance plant performance and alter 
ecological interactions in ways that may promote 
coexistence. Plants capture N in a variety of different 
chemical forms ranging from inorganic sources such 
as nitrate and ammonium to amino acids (Lipson and 
Näsholm 2001; Schimel and Bennett 2004). Plants 

Abstract 
Purpose  The ecological importance of arbuscular 
mycorrhizal fungi (AMF) in plant acquisition of inor-
ganic and organic sources of nitrogen (N) is not clear. 
To improve understanding of the plant N nutrition 
ecology, we tested the effect of intraspecific competi-
tion and AMF in plant N source use in growth and N 
acquisition.
Methods  Solidago virgaurea was grown in micro-
cosms in a fully factorial experiment under green-
house conditions. The factors tested were intraspe-
cific competition between seedlings and adult plants 
(yes, no), N source (NH4, glycine) and AMF (inocu-
lated with Glomus hoi, not inoculated).
Results  When grown separately, non-mycorrhi-
zal seedling growth was highest when grown with 
ammonium, but non-mycorrhizal adults grew best 
with glycine as the sole N source. Mycorrhizal sym-
biosis with Glomus hoi evened out this initial niche 
partitioning in terms of differences in N source use 

Responsible Editor: Jan Jansa.

Supplementary Information  The online version 
contains supplementary material available at https://​doi.​
org/​10.​1007/​s11104-​021-​05257-5.

T. Savolainen · M.-M. Kytöviita (*) 
Department of Biological and Environmental 
Science, University of Jyvaskyla, P.O. Box 35, 
FIN‑40014 Jyvaskyla, Finland
e-mail: minna-maarit.kytoviita@jyu.fi

http://orcid.org/0000-0002-8928-6951
http://crossmark.crossref.org/dialog/?doi=10.1007/s11104-021-05257-5&domain=pdf
https://doi.org/10.1007/s11104-021-05257-5
https://doi.org/10.1007/s11104-021-05257-5


	 Plant Soil

1 3

may prefer a particular inorganic or organic N source. 
Preference for a given N source may manifest itself 
as increased uptake and/or enhanced growth (Britto 
and Kronzucker 2013). The N source preferences 
of a plant are likely related to the most abundant N 
sources in the soil where the species grows, but it 
can also be related to the energy required for uptake, 
assimilation and storage, and to plant physiological 
status (Britto and Kronzucker 2013).

Terrestrial plants take up inorganic N from the soil 
mainly as ammonium and nitrate (Stitt et  al. 2002). 
However, the soil N in the Arctic, alpine tundra and 
boreal forests can be predominantly in organic form 
(Kielland 1994, 1995; Lipson et  al. 1999; Näsholm 
et  al. 1998; Stark and Kytöviita 2006). In these 
strongly N limited ecosystems, plants can take up dis-
solved organic N directly from the soil in the form 
of amino acids, thereby circumventing part of the N 
mineralization process (Chapin et al. 1993; Kielland 
1994; Nordin et  al. 2004). Another feature of cold 
climate boreal ecosystems is that grazing by large 
ungulates strongly influences plant community struc-
ture (Olofsson et  al. 2001). Large herbivore urine 
provides resources that are rich in labile nutrients, 
such as ammonium, and can stimulate soil micro-
bial processes and N mineralization rates in nutrient 
poor tundra (Stark et al. 2002). In addition, the pres-
ence of mycorrhizal symbioses in most plant species 
improves access to both inorganic and organic sources 
of N (Hodge and Storer 2014). Although mycorrhizal 
symbiosis has an essential role in plant nutrition and 
ecosystem dynamics, exactly how mycorrhizas affect 
plant N acquisition, use and competition for N is not 
fully understood.

Mycorrhizal fungi form symbiotic associations 
with plant roots, transferring soil nutrients to the 
plant in exchange for carbon (Smith and Read 2008). 
This mutualistic relationship is hypothesized to have 
played a major role in the colonization of land by 
plants and the majority of plant families are mycor-
rhizal (Brundrett 2002; Redecker et al. 2000). In the 
low Arctic, plants are usually colonized by arbus-
cular mycorrhizal fungi (AMF) (Gardes and Dahl-
berg 1996; Kytöviita et  al. 2011; Pietikäinen et  al. 
2005) which have traditionally been associated with 
enhanced plant phosphorus nutrition. However, it has 
been shown that AMF may also enhance plant nitro-
gen acquisition and are capable of taking up inorganic 
N (NO3− or NH4+) (Govindarajulu et al. 2005) and 

organic N (amino acids) (Näsholm et al. 1998; Whi-
teside et al. 2012) and transfer the N to the host plant. 
While these studies make an important contribution 
to our understanding of the role of AMF in plant N 
nutrition, there is need for information about the eco-
logical relevance of the mycorrhizal pathway in plant 
N acquisition.

Competition between plants is an important factor 
structuring plant communities (Keddy 2001; Grace 
and Tilman 2003). Especially in habitats where nutri-
ent availability is strongly limiting plant growth, such 
as in Arctic tundra, belowground competition for soil 
resources is critical in community assembly. Myc-
orrhizal association directly increases the potential 
acquisition of soil nutrients (Smith and Read 2008) 
and, as a result, it may directly influence plant-plant 
competition (Mickan et  al. 2021). AMF mycelium 
may simultaneously colonize several individuals 
within a plant community linking plants into a com-
mon mycelial network (van der Heijden and Horton 
2009). The benefit to a network member may dif-
fer from that when isolated, but no general rule has 
emerged as to how the benefit is distributed in AMF 
networks. AMF has been shown to mediate facilita-
tion between adult plants and seedlings by promot-
ing seedling establishment and nutrition (van der 
Heijden 2004). However, other studies have demon-
strated negative effects of AMF on seedling growth 
in presence of adults (e.g. Moora and Zobel 1998; 
Pietikäinen and Kytöviita 2007).

The abundance of 15N is a useful indicator of the 
sources and pathways of nitrogen flow in ecosys-
tem studies (Högberg 1997). The natural abundance 
method measures the ratio of the less common heavy 
15N and the predominant lighter 14N isotopes and 
provides the δ15N signal of a sample. Most physi-
cal, chemical and biochemical processes in nature 
favor the lighter isotope, leaving the sample enriched 
with the heavy isotope (Hobbie and Högberg 2012). 
The δ15N in plants is an indicator of plant N source 
because different N sources have different isotopic 
signals (Dawson et al. 2002). Plant δ15N reflects the 
net outcome of plant N acquisition processes (Evans 
2001; Robinson 2001) and therefore can be used as an 
integrator of N dynamics. AMF symbiosis may alter 
plant N isotopic signatures, although conflicting evi-
dence is reported for different species and experimen-
tal settings. For example, an increase (Azcon et  al. 
1998; Fonseca et al. 2001) or decrease (Azcon et al. 
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1998; Handley et al. 1993) in plant shoot δ15N values 
have been reported in Glomus spp. inoculated plants 
in comparison to non-inoculated controls. Such dif-
ferences may be attributed to different plant species 
or N sources with varying δ15N signatures. However, 
clear support for these explanations is lacking and the 
reasons for δ15N differences between arbuscular myc-
orrhizal versus nonmycorrhizal plants remain elusive.

Niche divergence through differences in N use and 
microbial associations may be a mechanism of coex-
istence and influence population and community pro-
cesses (McKane et al. 2002). In this work, we investi-
gated the role of AMF in plant competition. We used 
the low Arctic herb Solidago virgaurea as a model 
species in greenhouse experiments where plants were 
grown with AMF or in non-mycorrhizal conditions. 
In the experiments, we explored the role of AMF and 
plant life stage (adult, seedling) on plant N source 
use. The acquisition and use of given source of N 
was determined by biomass, N gain and δ15N of the 
plants. Specifically, we ask how AMF symbiosis and 
competition affect the use of inorganic N and organic 
N in two plant life stages. The role of AMF symbiosis 
in plant N economy was further evaluated by calculat-
ing mycorrhizal benefit in the plant life stages when 
grown with inorganic and organic N.

Methods

Study organisms

Solidago virgaurea L. is an herbaceous perennial 
plant of the family Asteraceae and it is a very com-
mon species in low Arctic habitats (Hultén and Fries 
1986). It is one of the preferred forage species by 
reindeer (Skogland 1980). In the field S. virgaurea 
has high and stable arbuscular mycorrhizal coloniza-
tion levels (Kytöviita et  al. 2011) which may reach 
over 90% of root length colonized. The plant forms 
a rosette of leaves and one or several floral shoots of 
15 to 30 cm in height in the Arctic. The leaves wither 
in the end of the growing season. Solidago virgaurea 
spreads mainly by wind-dispersed seeds (Jalas 1980) 
of which the majority fall and germinate in the vicin-
ity of the mother plant. Solidago virgaurea seeds for 
the present experiment were collected from Kilpis-
järvi (69°03′N, 20°50′E) and stored dry at +4 °C until 
used in the experiment.

Glomus hoi, the AMF used in this study system 
originated from the same low Arctic meadow as the 
seed material and is accessible in the Bank of Euro-
pean Glomales under the isolate number BEG 104. 
The G. hoi isolate was maintained with Plantago lan-
ceolata L. as a host for the present experiment. The 
host plants were grown in pots filled with sterilized 
substrate (autoclaved mixture of soil, sand and per-
lite). The AMF spores were washed from the substrate 
and collected on a 50 μm sieve. Each experimen-
tal plant assigned to mycorrhizal treatment received 
approximately 300 spores in 45 ml water. The non-
mycorrhizal (NM) inoculum was prepared similarly, 
but by allowing the water used in washing the AMF 
spores from the substrate sediment for 30 minutes and 
filtering the water through a filter paper (10 μm pore 
size). We checked the final product under microscope 
and verified the lack of AMF spores or hyphae. NM 
plants received 45 ml of the NM inoculum.

Experimental design

We compared seedling and adult plant responses to 
one inorganic and one organic N source, AMF and 
competition in a fully factorial greenhouse experi-
ment. There were either three seedlings or one adult 
in the non-competition pots. In the competition treat-
ment, three seedlings were grown together with an 
adult plant. Half of the pots were inoculated with 
AMF (60 pots) and half remained non-mycorrhizal 
(60 pots). Half of the pots (60 pots) received glycine 
and the other half (60 pots) NH4 as the N source. Ten 
pots were allocated to each treatment combination; 
therefore, the total number of pots was 120 and the 
total number of adult plants 80 and the number of 
three seedling units 80. The number of plants exceeds 
the number of pots as the adults and seedlings were 
grown in the same pots in the competition treatment. 
We selected ammonium as the inorganic N in this 
experiment, because, in contrast to temperate forests 
or agricultural soils, nitrate concentrations in tun-
dra soils are often minor (Nordin et  al. 2004; Stark 
2007). Glycine was selected as the organic source 
of N because it is reported to be the most abun-
dant amino acid in Arctic soils (Kielland 1994) and 
because plants appear to utilize glycine better than 
more complex amino acids (Kielland 1994; Lipson 
et  al. 1999). The use of both selected N sources by 
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Solidago virgaurea was verified in a screening experi-
ment (Appendix 1).

To prepare the adult plant material for the experi-
ment, Solidago virgaurea plants were pre-grown in 
autoclaved and washed sand-perlite mixture for 142 
days. During that time the plants were given half-
strength Ingestad solution (Ingestad 1960) once a 
week. We stopped giving fertilizer to the adult plants 
14 days before the experiment began. After pre-grow-
ing, the adult plants and two-week-old Solidago vir-
gaurea seedlings raised in washed autoclaved sand 
were washed and transferred to experimental pots (6 
cm ø) and their roots were embedded into autoclaved 
sand-perlite (9:1) mixture. Average dry weight of the 
adult plants at the beginning of the experiment was 
315.1 ± 99.6 mg and that of the seedlings was 1.8 ± 
0.2 mg.

Seedlings in the competition pots were planted 
in such a way that the adult plant did not markedly 
shade the seedlings. In the AMF treatment, plants 
were inoculated with G. hoi spores (300 spores per 
pot) by applying the spores evenly to the top 5 cm of 
the growth substrate. NM treatments received same 
amount of NM inoculum the same way. Ammonium 
((NH4)2SO4) or glycine (C2H5NO2) was adminis-
tered as 51.2 μM N solution by pouring evenly 100 
ml once a week to each tray containing 10 pots. 
Other nutrients were provided to plants in modified 
Hoagland’s solution (Hoagland and Arnon 1965). 
The N-free Hoagland’s solution contained: 1.2 μM 
K2CO3, 0.4 μM KH2PO4, 0.2 μM MgSO4x7H2O, 
0.8 μM CaCl2x2H2O, 0.8 nM ZnSO4x7H2O, 0.8 nM 
MnCl2x4H2O, 0.2 nM CuSO4x5H2O, 10 nM H3BO3, 
0.2 nM MoNa2O4x2H2O, 0.8 nM NaCl and 9 nM 
FeSO4x7H2O. The Hoagland’s nutrient solution was 
applied on trays containing 10 pots at the rate of 100 
ml per week. In addition, distilled water was given 
to keep all the pots well-watered. Conditions in the 
greenhouse were set for 22°C temperature, 18 h light 
and 60% relative air humidity.

The experiment lasted 15 weeks. At the end, the 
plants were weighed and dried at 65°C for 24 h. 
Before drying the roots, a sample was taken from 
fresh root material to measure AMF colonization. 
This root loss was accounted for when calculating 
the root dry weight. Fresh root samples were stored 
in 50% ethanol. Root samples were stained with 0.2% 
trypan blue and scored according to the method by 
McGonigle et al. (1990) to evaluate the colonization 

frequency of roots by the mycorrhizal fungus. We 
did not detect any mycorrhizal fungal structures in 
the roots in the plants in the non-mycorrhizal treat-
ment and only AMF inoculated colonization levels 
are reported.

Stable isotopic signatures

Foliage in half of the plants was analysed for N con-
tents by randomly allocating five out of the 10 plants 
in each treatment category to the analyses. Foliar 
samples were dried (65°C, 24 h) and milled to a 
fine powder. Powdered samples weighing 1.8 mg 
each were sealed in foil capsules. Measurements of 
N% and stable isotope ratios of N were determined 
using an elemental analyzer (Flash EA1112, Carlo 
Erba) connected to a Finnigan Deltaplus Advantage 
(Thermo Electron Corp., Waltham, USA) continu-
ous flow isotope ratio mass spectrometer (CFIRMS). 
Natural abundances of 15N are expressed in per mil 
(‰) deviation from international standards: δ15N = 
(R sample / R standard −1) × 1000, where R is the 
ratio of 15N/14N. Atmospheric nitrogen was used as 
the international standard.

Statistical analyses

We used three-way ANOVA to analyze dry biomass, 
root:shoot ratio, N% and N content in the adult plants 
and seedlings separately. In the ANOVA models com-
petition (absent, present), AMF (absent, present) and 
N source (ammonium, glycine) were treated as fixed 
factors. In the δ15N analysis, due to the different 
source δ15N values of the two nitrogen treatments, we 
analyzed ammonium and glycine grown plants sepa-
rately and used two-way ANOVA. Fixed factors in the 
ANOVA model were competition (absent, present), 
AMF (absent, present). Mycorrhizal benefit for bio-
mass and N content were calculated by dividing myc-
orrhizal values by the average non-mycorrhizal value 
in the respective treatment. Variables of mycorrhizal 
benefit for the AM adults and seedlings were ana-
lyzed with three-way ANOVA using life stage (adult, 
seedling), competition (absent, present) and N source 
(ammonium, glycine) as fixed factors in the models. 
Two-way ANOVA was used to analyze AMF colo-
nization (hyphae, arbuscules and vesicles) and treat-
ing competition (presence, absence) and N source 
(ammonium, glycine) as fixed factors.
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Seedling dry biomass and N content and myc-
orrhizal benefit values were log10 transformed to 
meet the assumptions of ANOVA. In the experi-
ment, three seedlings were growing with an adult, 
and the mean value of the three seedlings was used 
in the analyses. At the end of the experiment, all the 
seedlings and 92.5% of the adults were alive. Dead 
plants were not included in the analyses. Homosce-
dasticity was assessed by using Levene’s test and 
the normality of data by checking the normality 
of residuals. Tukey’s multiple comparison test was 
used to assess the significance between more than 
two means in models with significant interactions 
between factors. All statistical analyses were imple-
mented with IBM SPSS Statistics version 22 (SPSS 
Inc.) and the R statistical environment (R Develop-
ment Core Team, 2014) using the CAR package for 
GLMs.

Results

Adult plant biomass was not straight forward affected 
by competition or AMF (Tables  1 and 2). Nitrogen 
source interacted with the effect of AMF (Table  1; 
Table  2: N source x AMF interaction). Nitrogen 
source had no effect on growth when the adult plants 
were mycorrhizal, but NM adult plants grew more 
when they received glycine than when given ammo-
nium (NM adults: F3,36=11.145, p=0.002, mycorrhi-
zal adults: F3,30=2.593, p=0.118).

Seedling biomass was affected by competition but 
not by AMF (Tables 1 and 2). The negative effect of 
competition interacted with the effect of N source 
(Table 2). In the absence of competition, the applied 
N source was important to the seedling growth (com-
petition present: F3,36=1.345, p=0.254, competition 
absent: F3,36=19.402, p<0.001). Seedlings without 
the adult grew best with ammonium (Table 1).

The N content of the adult plants was highest when 
NM and grown with glycine (Tables 1 and 2). Adult  
shoot N content (mean 3.31±0.18) was over 4 times 
higher than that of the seedlings (mean 0.74±0.12) 
(one-way ANOVA F1,77=131.071, p<0.001). Adult 
shoot N % remained constant in all treatments and 
plant N content was determined mainly by plant 
size (Table 1 and 2). In contrast, seedling N% varied 
between treatments (Table 1 and 2).

Competition and glycine treatment lowered seedling 
N content, but AMF had no effect (Tables 1 and 2).

Root:shoot ratio of the adult plants was not affected 
by the N source (Table 1). AMF increased the ratio in 
adults significantly, but only in absence of competi-
tion (Tables 1 and 2). In contrast, seedling root:shoot 
ratio was increased by competition, but not by AMF 
or N source (Tables 1 and 2).

Similar to the root:shoot ratio, competition did 
not affect adult plant AMF colonization in a straight-
forward way (Table  3). Glycine increased the fre-
quency of arbuscules in adult plants, but only in 
absence of competition (Table  3, competition pre-
sent: F1,8=0.700, p=0.427, competition absent: 
F1,8=16.275, p=0.004). In contrast, the frequency of 
intraradical hyphae was higher in competing seed-
lings when provided with glycine than with ammo-
nium (Table 3).

Competition and AMF raised the δ15N value in 
the adults when provided with ammonium (Fig. 1a). 
When the plants were provided with glycine, sin-
gly grown mycorrhizal plants had higher δ15N value 
than respective NM plants. Competition reversed 
this pattern in adults, but not in seedlings (Fig.  1b). 
Glycine provided adult plants had higher foliar δ15N 
values when compared with ammonium provided 
plants. This result reflected the isotopic signal of the 
N sources which was negative in case of ammonium 
(-3.203) and positive in glycine (+1.205). Competi-
tion lowered seedling foliar δ15N in both nitrogen 
treatments (Fig. 1). AMF presence increased the δ15N 
value, but in glycine provided seedlings only (Fig. 1). 
Therefore, similar to adults, there was no overall clear 
trend of AMF raising or lowering the foliar δ15N sig-
nal in seedlings. In contrast to adult plants, N source 
did not have significant effects on seedling δ15N.

Plant life stage, competition and N source inter-
acted statistically significantly in terms of mycorrhi-
zal biomass benefit (Fig. 2, Supplementary Table 1). 
Multiple comparison indicates that mycorrhizal 
benefit was significantly lower in glycine provided 
seedlings when competing in comparison to all other 
treatments (Fig.  2, Supplementary Table  1). When 
analysing the mycorrhizal biomass benefit in adults 
and seedlings separately, competition reduced mycor-
rhizal growth benefit in adults supplied with ammo-
nium (competition present: F1,18=2.999, p=0.100, 
competition absent: F1,12=12.810, p=0.004).
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Plant life stage, competition and N source had 
a significant main effect on mycorrhizal N benefit 
(Fig.  2, Supplementary Table  1). Average mycor-
rhizal N benefit was higher in seedlings (1.17±0.16) 
than in adults (0.69 ±0.06), higher when supplied 
with ammonium (1.10±0.16) than with glycine (0.79 
±0.07), and higher in competing plants (1.10 ± 0.16) 
than in those grown solitarily (0.78 ± 0.06) (Fig. 2, 
Supplementary Table 1).

Discussion

Niche partitioning of resources due to interspecific 
differences in structural and physiological traits have 
been considered to explain the coexistence of many 
species in plant communities (Levine and HilleRis-
Lambers 2009; Silvertown 2004). Ecologists accept 
that plants capture N in many chemical forms includ-
ing amino acids (Lipson and Näsholm 2001; Schimel 
and Bennett 2004). However, less is known about 
plasticity in N use within species although it is a criti-
cal parameter in defining the organism’s competitive 
ability and, in the end, the realized niche (Miller et al. 
2007). Here we show plasticity in N use in response 
to intraspecific competition and in response to mycor-
rhizal symbiosis, two prevailing ecological factors in 
plant life.

Despite differences in N source use when non-
mycorrhizal, both adults and seedlings of mycorrhizal 
Solidago virgaurea performed equally when supplied 
with NH4 as the N source. The N use of a mycor-
rhizal plant may be affected by the N preference of 
the AMF, however, it is difficult to disentangle the 
inherent nutrient preferences of the obligatorily sym-
biotic fungus. In experiments with isolated hyphae 
many AMF isolates have preferred ammonium over 
amino acids (Hawkins et  al. 2000). Although AMF 
have been shown to take up also organic N, mainly 
in the form of amino acids (Whiteside et  al. 2012), 
and transfer N to their host plants, many plant spe-
cies have been shown to perform better when given 
ammonium than amino acids when mycorrhizal 
(Ashton et al. 2008; Harrison et al. 2007). AMF are 
capable of direct glycine uptake (Hawkins et al. 2000; 
Koegel et al. 2015), but AM plant N acquisition from 
glycine is less than from other soil amino acids in 
some cases (Hodge 2001; Whiteside et al. 2012, but 
see Koegel et al. 2015).

Stable N isotopes are used to investigate the source 
and movement of N in studies extending from indi-
vidual plants to landscapes. Plants may discriminate 
15N as a result of partial utilization of the available 
N source (Hobbie and Colpaert 2003; McKee et  al. 
2002). Plant δ15N values may be affected further 
by different N acquisition strategies (Hobbie et  al. 

Table 3   Mean values (± SE, n=5) of the frequency (%) of 
mycorrhizal hyphae, vesicles and arbuscules in adults and 
seedlings of Solidago virgaurea. Values are reported when 
plants were grown without competition (competition absent) or 
when competing (competition present) and when grown with 

the N source ammonium (NH4) or glycine (Gly). Different let-
ters indicate significantly (p<0.05) different groups (Tukey’s 
multiple comparison test). Below the mean values, respective 
p-values of the factorial ANOVA test are given (factors: com-
petition, N source).

Mycorrhizal symbiosis changes host nitrogen source use, Plant and Soil
Authors: Tiina Savolainen and Minna-Maarit Kytöviita, University of Jyväskylä, Finland
minna-maarit.kytoviita@jyu.fi

Adults Seedlings

Hyphae-% Vesicles-% Arbuscules-% Hyphae-% Vesicles-% Arbuscules-%

Competition absent NH4 49 ± 10 7 ± 2 18 ± 5 A 80 ± 2 AB 5 ± 3 53 ± 3
Gly 77 ± 4 5 ± 2 47 ± 5 B 87 ± 2 B 5 ± 1 58 ± 5

Competition present NH4 50 ± 9 8±3 27 ± 6 AB 66 ± 7 A 4 ± 2 38 ± 8
Gly 51 ± 3 6 ± 1 21 ± 5 A 88 ± 3 B 5 ± 1 55 ± 9

p-values p-values
Hyphae Vesicles Arbuscules Hyphae Vesicles Arbuscules

Competition 0.102 0.631 0.138 0.118 0.793 0.183
N source 0.061 0.514 0.044 0.002 0.637 0.116
Competition x N source 0.083 0.965 0.004 0.075 0.958 0.360
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2000) that include the use of inorganic or organic N 
sources or the role of mycorrhizal symbiosis (Hand-
ley and Scrimgeour 1997; Michelsen et  al. 1996). 
In our study, competition did not interact with N 
source in terms of mycorrhizal N benefit, but plant 
δ15N responded differently to competition and AMF. 
Despite no change in the net N acquisition by the 
plants, δ15N data shows that competition and AMF 
affect plant N relations. Published results on plant 
δ15N modification by AMF inoculation vary and are 
challenging to compare with the present study. For 
instance, a decrease (Azcon et al. 1998; Handley et al. 
1993) and increase (Azcon et al. 1998; Fonseca et al. 
2001) in shoot δ15N values following inoculation are 
reported. In contrast to our results, it has been pro-
posed that the mycorrhizal transfer should generally 
decrease foliar δ15N signatures because of the effects 
of isotopic fractionation where mycorrhizal fungi 
discriminate against the heavier 15N isotope leaving 
the plant depleted in 15N (i.e. with a more negative 
δ15N value) (Handley et al. 1999; Hobbie et al. 1999, 
2000). Nitrogen availability and demand affect 15N 
discrimination in plants (Evans 2001). Positive and 
negative 15N fractionation as a result of partial use 
of the plant available N may have occurred if other 
nutrients were even more limiting than N to plant 
growth (McKee et al. 2002; Wanek and Zotz 2011). 
We consider nutrient limitation other than nitro-
gen unlikely in our system. The nutrients were sup-
plied in balanced nutrient solution whilst the N% in 

Fig. 1   Mean δ15N values in A) ammonium or B) glycine 
grown Solidago virgaurea adults (n=5) and seedlings (n=4-5) 
when competition and mycorrhiza are either absent or present. 
Open symbols refer to non-mycorrhizal plants, closed symbols 
to mycorrhizal plants. The horizontal red lines illustrate the N 
source δ15N: -3.203 for ammonium and +1.205 for glycine
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Fig. 2.   Mycorrhizal benefit in terms of total Solidago vir-
gaurea biomass and shoot N content (mg N per plant). Mean 
values (± SE) of mycorrhizal benefit in terms of biomass in 
adults (n= 6-10) and in seedlings (n=10) are shown. For myc-
orrhizal benefit in terms of N content, the sample size was 5. 
Nitrogen sources are ammonium (NH4) or glycine (Gly). Main 

three-way ANOVA results are shown, full ANOVA table is 
shown in Supplementary Table 1. Different letters indicate sig-
nificantly (p<0.05) different groups in case of significant inter-
actions between factors (Tukey’s multiple comparison test). 
Horizontal dotted lines illustrate when there is no net cost nor 
benefit of mycorrhiza.
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the experimental plants was 1.2-1.8. Altogether, our 
results do not give full support to the idea that vari-
ability in foliar δ15N values corresponds directly to 
differences in source δ15N (Falkengren-Grerup et  al. 
2004; Miller and Bowman 2002). Instead, our results 
agree with the notion that there are other obscuring 
factors present, such as plant internal transformations 
or other physiological mechanisms in N assimilation 
(Evans 2001; Handley et al. 1998).

Glycine increased colonization rates in absence of 
competition in adult plants and in presence of com-
petition in seedlings. To our knowledge, there is only 
one report of effects of N source on mycorrhiza colo-
nization frequency in plant roots previously. Onions 
had higher arbuscular mycorrhizal colonization level 
when grown with NO3 as the predominant N source 
compared with NH4 (Perner et  al. 2008). Different 
N sources have been shown to affect metabolic path-
ways in arbuscular mycorrhizal hyphae (Breuninger 
et al. 2004). Therefore, changes in fungal physiology 
due to different N source uptake may have affected 
the colonization rate. Although colonization intensity 
increased in glycine-supplied competing seedlings 
and in adults in absence of competition, plant mycor-
rhizal benefit was lower when provided with glycine 
than with NH4, suggesting that the fungus retained 
proportionally more resources from glycine to its own 
benefit. The carbon moiety in the amino acid may 
have supplemented the fungal carbon needs (Fell-
baum et  al. 2012) and in that way facilitated higher 
colonization of roots. Amino acids are known to be 
taken up by the fungus during pre-symbiotic growth, 
i.e. before the symbiosis with the host plant is estab-
lished (Gachomo et al. 2009). Furthermore, pre-sym-
biotic AM hyphae have been shown to take up and 
utilize external carbon sources to supplement their C 
needs (Bücking et  al. 2008). For example, AM may 
use myristate, a common root exudate, as a C source 
when grown asymbiotically (Sugiura et  al. 2020). 
Although AM fungi are incapable of completing 
their life cycle without host plants (Smith and Read, 
2008), our results suggest that soil organic nitrogen 
sources may allow fungus to trade less resources with 
the host. This scenario needs to be evaluated by trac-
ing the flow of N and C between the symbionts when 
grown with organic and inorganic N.

We did not determine the extent to which the 
amino acids, ammonium or nitrate might have been 
transformed before or after uptake. Therefore, our 

results infer the importance and effect of these N 
sources including their possible transformations. In 
our experiment, AMF did not improve plant growth 
and we recognize that this result may be specific to 
the present growth conditions. Previously, it has been 
shown that under low nutrient availability, AMF may 
not benefit plants (Püschel et  al. 2016). In our par-
allel study using isotopic labeling and mycorrhizal 
compartments, the Glomus hoi isolate we used in the 
current experiment transferred inorganic N to host 
plants and improved S. virgaurea growth (Kytöviita 
and Savolainen, manuscript). The length of the pre-
sent experiment was 15 weeks and it may be that G. 
hoi requires longer time to be able to pay back the 
C costs and provide growth benefits to plants as has 
been suggested in other mycorrhizal systems (John-
son et  al. 1997; Veresoglou et  al. 2012). Pre-growth 
period is necessary to rear plants to adulthood, how-
ever, the pre-growth conditions may affect adult plant 
responses to the treatments.

In line with the few previous studies with Arctic 
plants where competition reduced mycorrhizal growth 
benefit in intraspecific seedlings (Kytöviita et al. 2003; 
Pietikäinen and Kytöviita 2007), intraspecific compe-
tition reduced mycorrhizal growth benefit in the gly-
cine grown seedlings in the present work. However, 
competition increased mycorrhizal benefit in terms 
of shoot total N in seedlings suggesting that seedlings 
are a sink for mycorrhiza-mediated nitrogen. Alto-
gether plants competed strongly both when NM and 
when mycorrhizal. The suppressive effect by the adult 
co-specific S. virgaurea neighbors and persistence of 
seedlings is also evident in our long-term experimen-
tal field sites (Savolainen and Kytöviita 2017).

The present symbiosis –mediated reduction in 
organic N use has potential repercussions on eco-
system functions such as productivity and nutri-
ent losses from the systems through leaching. It 
is evident that further studies are needed to gain a 
more general understanding to which extent plant 
competition for resources affects functional differ-
ences among and within species in communities 
of varying plant diversity in the Arctic. Our study, 
however, clearly shows that analyses to explain spe-
cies coexistence and community assembly require 
the incorporation of intraspecific competition and 
mycorrhizal fungi. Further knowledge on the role of 
nitrogen on AMF ecology is needed to fully evalu-
ate the role of organic nitrogen on cold climate 
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vegetation and N deposition effects on northern 
ecosystems. Research on mycorrhizal symbiosis is 
so-far conducted mainly with young plants. Fur-
ther research on how ontogeny may affect symbi-
otic relationships is necessary to elucidate the eco-
logical importance of mycorrhiza-mediated nutrient 
acquisition form different N sources.
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