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ABSTRACT

Plant-associated fungi have elementary roles in ecosystem productivity. There is little information
on the interactions between arbuscular mycorrhizal (AM) fungal symbiosis, fine endophytic (FE) and
dark septate endophytic (DSE) fungi, and their host plants in cold climate systems. In particular, the
environmental filters potentially driving the relative abundance of these root symbionts remain
unknown. We investigated the interlinkage of plant and belowground fungal responses to simu-
lated herbivory (clipping, fertilization, and trampling) in a subarctic meadow system. AM and FE
frequency in the two target plant roots, Potentilla crantzii and Saussurea alpina, was unaffected by
simulated herbivory, highlighting the importance and resilience of arbuscule forming mycorrhizas
in a range of environmental conditions. Fertilization and trampling increased DSE colonization in
P. crantzii roots although generally P. crantzii performance was reduced in these plots. The
idiosyncratic responses by DSE fungal frequency in the two host plants in our experiment indicate
that the host plant identity has a pivotal role in the DSE fungus—plant outcome. DSE fungal
frequency did not respond to environmental manipulations in a manner similar to arbuscular
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mycorrhizas, suggesting that they have a different role in plant ecology.

Introduction

Plant-herbivore and plant-fungi interactions are central
in northern ecosystem functions. However, the interac-
tions between these two processes are seldom consid-
ered (but see Bethlenfalvay and Dakessian 1984; Gehring
and Whitham 2002; Murray, Frank, and Gehring 2011).
The predominant grazers, reindeer and caribou, affect
plant community structure and ecosystem processes in
subarctic ecosystems in a fundamental way (Olofsson,
Stark, and Oksanen 2004; van der Wal 2006). Grazers
affect microbial and plant performance by increasing
readily available nutrients through urine and feces and
by increasing soil temperature (Olofsson and Oksanen
2002; Olofsson, Stark, and Oksanen 2004; van der Wal
and Brooker 2004; Barthelemy, Stark, and Olofsson
2015). Ecosystem effects of herbivory are modeled
through grouping plants into functional groups and
assuming high similarity within a functional group.
However, plants may respond to herbivory in a species-
specific way (Riach et al. 2015; Richards et al. 2015).
Plant species also have idiosyncratic effects on soil,

giving rise to species-specific ecosystem effects
(Eisenhauer et al. 2011; Kos et al. 2015; Heinen et al.
2018). Furthermore, plants house a large variety of fun-
gal symbionts that directly affect plant performance in
a species-specific way (Munkvold et al. 2004) and that
may also respond to grazing. Some fungal symbionts act
synergistically with the host plant, whereas others may
make contrasting contributions to plant nutrition as well
as carbon and nitrogen turnover in the soil (Read and
Perez-Moreno 2003).

The majority of herbaceous species form intensive
symbiotic relationships with arbuscular mycorrhizal
(AM) fungi (Brundrett 2002). AM symbiosis is generally
a mutualistic system where the plants deliver photo-
synthates to the AM fungi and receive nutrients, water,
and protection against root herbivores in return. AM
fungi are obligatorily symbiotic, lack saprophytic capa-
cities, and depend solely on the host delivery of carbon.
The carbon consumption by AM fungi can be
a substantial part of plants’ carbon budget. Under
laboratory conditions, AM fungi have consumed up to

CONTACT Minna-Maarit Kytdviita @ minna-maarit.kytoviita@jyu.fi @ Department of Environmental and Biological Science, Jyvaskyla University, PO Box 35,

FIN 40014, Finland.
© 2021 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.


http://orcid.org/0000-0002-8928-6951
http://orcid.org/0000-0002-6943-1218
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15230430.2021.1878738&domain=pdf&date_stamp=2021-03-09

30 percent of plant total net photosynthetic gains (Drigo
et al. 2010). The costs are unlikely to be smaller under
field conditions because fungal hyphae are constantly
consumed by fungal-feeding soil animals (Johnson
et al. 2005). As a result of carbon allocation to mycor-
rhizas, mycorrhizal plants have proportionally smaller
roots than nonmycorrhizal plants (Brundrett 2002).
Despite considerable carbon costs, it is generally thought
that association with mycorrhizal fungi confers plants
some benefit, usually in the form of improved nutri-
tional status, growth, and reproductive output. AM sym-
biosis increases P and N capture and photosynthesis in
low Arctic herbs under laboratory conditions
(Ruotsalainen and Kytoviita 2004; Kytoviita and
Ruotsalainen 2007). Generally, AM symbiosis has been
shown to improve tolerance to drought (Augé 2001) and
resistance to antagonists (Pozo and Azcén-Aguilar
2007) and increase plant reproduction by increasing
flower number (Lu and Koide 1994) and seed quality
(Nuortila, Kytoviita, and Tuomi 2004). Plant interac-
tions with their symbiotic AM fungi play a key role in
plant competition (Pietikdinen and Kytéviita 2007;
Scheublin, van Logtestijn, and van der Heijden 2007)
and, consequently, vegetation composition (Hartnett
and Wilson 1999) and ecosystem productivity
(Klironomos et al. 2000).

In addition to traditional AM structures, it is possible
to visually separate intensively staining thin, meander-
ing fungal structures known as fine endophytes
(Orchard, Standish et al. 2017). The fine endophyte
(FE) colonization type has been traditionally known as
Glomus tenue (e.g., Hall 1977), but in light of recent
evidence the species forming FE colonization may
belong to the subphylum Mucoromycotina (Orchard,
Hilton et al. 2017) in the genus Planticonsortium
(Walker, Gollotte, and Redecker 2018). FE colonization
has been reported worldwide (Orchard, Standish et al.
2017). FE colonization is documented in liverworts
(Bidartondo et al. 2011), hornworts (Desird et al.
2013), ferns (Hoysted et al. 2019), and seed plants
(Orchard, Standish et al. 2017). When in symbiosis
with liverworts, the fine endophytic symbiosis func-
tioned differently to AM symbiosis in resource exchange
with the host (Field et al. 2019). Although there are
reports of FE colonization in various host plant species
in agricultural and more natural habitats (Orchard,
Standish et al. 2017), the response of FE colonization
to environmental manipulations is very rarely reported.
Therefore, the ecology of FE colonizing fungi and their
role in vascular host plants remain elusive.

In cold climates, plant roots are intensively colonized
by dark, septate, nonstaining endophytic fungi (DSE)
belonging to the phylum Ascomycota (Addy, Piercey,
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and Currah 2005). DSE fungi have been shown to pos-
sess significant degradative capacities (Caldwell,
Jumpponen, and Trappe 2000; Knapp and Kovacs
2016) and consequently may mineralize soil organic
matter and grow in soil independent of any host plant.
DSE colonize herbs, grasses, and sedges in cold climates
(Zubek et al. 2009; Bueno de Mesquita et al. 2018).
Unlike AM, DSE do not produce symbiosis-specific
structures. Though the presence of DSE fungi in plant
roots has inspired many reviews (Jumpponen 2001;
Mandyam and Jumpponen 2005; Newsham, Upson,
and Read 2009; Newsham 2011), the role of DSE fungi
in plant ecology is unknown. Crucially, manipulative
experiments and hypotheses on DSE are mainly lacking.
For example, it is unknown whether DSE fungi are
mutualistic like AM or whether they are saprophytic
fungi in the soil, mineralizing soil nutrients in the rhizo-
sphere and occupying plant roots as commensals. Even
if the latter most parsimonious explanation for the
occurrence of DSE fungi in roots were the case, DSE
fungi are special in their ability to grow inside plant
roots without provoking plant defense.

Theoretically, herbivory could negatively affect plant
resource allocation to root fungal symbionts because
herbivory is likely to reduce the amount of photo-
synthates available to the root system and the symbiont
(Gehring and Whitham 2002). In addition, increased
soil nutrient availability theoretically lessens the differ-
ence between root and fungal uptake efficiency and
should lead to reduced plant investment in nutrient
uptake through root symbionts (Tuomi, Kytoviita, and
Hardling 2001; Corkidi et al. 2002). Mycorrhizal sym-
biosis is an adaptation to enhance plant nutrient acqui-
sition and the symbiosis may become unnecessary at
high nutrient levels (Tuomi, Kytéviita, and Hirdling
2001). However, no clear relationship between increased
soil nutrient levels and reduced arbuscular mycorrhizal
incidence has ever been shown in natural ecosystems,
indicating that under natural conditions soil nutrient
levels are not limiting mycorrhizal benefit to the host
plant. Trampling by large mammalian herbivores com-
pacts the soil (Donkor et al. 2002) and reduces soil
fungal abundance (Serensen et al. 2009). On the other
hand, trampling decreases the moss layer (van der Wal
and Brooker 2004) and may therefore increase soil sum-
mer temperatures, which should have positive effects on
mycorrhizas in cold ecosystems (Kytoviita 2005;
Kytoviita and Ruotsalainen 2007). In the field, grazing
is reported to decrease (Bethlenfalvay and Dakessian
1984), have no effect (Lugo, Maza, and Cabello 2003;
Dhillion and Gardsjord 2004; Pietikdinen, Kytoviita, and
Vuoti 2005), or increase (Eom, Wilson, and Hartnett
2001; Gehring, Wolf, and Theimer 2002) the frequency
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of AM fungal structures in plant roots. Biotic interac-
tions are complex. Defoliation may affect the amount
and functioning of AM in plant roots but, in return, AM
may affect the plant responses to herbivory through
affecting plant nutritional status (Koide 1991) and che-
mical defense (Pozo and Azcén-Aguilar 2007). In seek-
ing general rules that predict plant-AM and -DSE
fungal interactions, we investigated the AM, FE, and
DSE and host plant responses to resource manipulations
under field conditions.

Because of their active role in plant resource acquisi-
tion, it is logical to argue that arbuscular mycorrhizal
frequency should reflect resource availability (Gehring
and Whitham 2002). However, we suggest an alterna-
tive, equally logical scenario: Because mycorrhizas have
an elementary role in plant resource acquisition and
defense, they should be maintained even under changing
environmental conditions as long as the host plant is
growing and requires significant quantities of nutrients.
There seems to be no clear general rule emerging as to
how grazing affects the amount of fungal structures in
plant roots and hence most likely their functions (Barto
and Rillig 2010). In particular, there is scant information
on the response of DSE and FE fungi to environmental
manipulations. Knowledge on DSE and FE fungal
responses to environmental manipulations could eluci-
date their potential ecological role. For instance, if they
respond to environmental changes in a manner similar
to AM fungi, one could assume that their abundance is
governed by the same factor or factors. Most experi-
ments on effects of herbivory only examine the effect
of artificial defoliation, and, for example, the effects of
trampling and enhanced nutrient levels associated with
natural herbivory have received much less attention.

In this article, we present a full-factorial subarctic
field experiment where the effects of herbivory are sepa-
rated into singular effects of loss of foliage, trampling,
and increased nutrient level or factorial combinations of
these. We investigated the root fungal frequency and
host plant response to the simulated grazing. We
expected that the fungal responses should mirror posi-
tive host plant responses to the treatments if the fungi
are indispensable in resource acquisition for the host.

We specifically hypothesized that (1) because defolia-
tion removes nutrients from plant aboveground parts
and consequently defoliated plants have an increased
need for nutrients, defoliation should not negatively
affect the AM symbiont abundance in plant roots
because AM are the main pathway for nutrient uptake;
(2) because trampling disturbs the fungal hyphae explor-
ing soil for water and nutrients, trampling should reduce
the abundance of AM, FE, and DSE fungi in soil and
plant roots; (3) because subarctic soil microbes are

nutrient limited (Schimel and Bennett 2004) and AM
fungi have been shown to be N and P limited in nutrient
poor soils (Treseder and Allen 2002), moderate fertiliza-
tion would increase AM, FE, and DSE fungal frequency
in soil and plant roots; and (4) if DSE ecology is similar
to that of AM (Ranelli et al. 2015), their abundances
correlate in plant roots.

Material and methods
Plant material

We chose Potentilla crantzii (Rosaceae) and Saussurea
alpina (Asteraceae) as the target host plants for this
study. Potentilla is a perennial, nonclonal plant that
occurs in mountains in North America and southern
and central Europe but is increasingly common in mea-
dows in northern Europe. Saussurea is a perennial, non-
clonal, arctoalpine plant that has circumpolar
distribution in cold climate meadow habitats. Both spe-
cies form arbuscular mycorrhizal symbiosis under nat-
ural conditions (Wang and Qiu 2006) and are readily
consumed by reindeer (Skjenneberg and Slagsvold 1968;
pers. obs., M-MK & JO).

Field setup

The experiment was established in 2002 on a north-
facing slope of the valley Kérkevagge in Abisko, situated
630 to 720 m.a.s.l. in northern Sweden (25'68° N, 19'18°
E). The vegetation is dominated by graminoids, such as
Deschampsia cespitosa, Carex bigelowii, Poa alpina, and
Festuca ovina, and forbs, such as Potentilla crantzii,
Saussurea alpina, Alchemilla glomerulans, Trollius euro-
paeus, and Bistorta vivipara. The ground layer is covered
by an almost continuous layer of mosses Pleurozium
schreberi and Hylocomium splendens. At the nearest
weather station (6 km west of the field site at 517 m.a.
s.l.) the mean annual temperature is —1.4°C and the
mean annual precipitation 848 mm.

The experimental setup consisted of three treatments
in a full-factorial design: defoliation (no defoliation vs.
defoliation), fertilization (no fertilization vs. fertilization
using NPK solution), and trampling (no trampling vs.
trampling). Treatment combinations were randomly
allocated to plots (1.5 m x 1.5 m) in five replicate blocks
and subjected to the treatments once a year in 2002 to
2004. In defoliated plots, all vegetation was cut to
a height of 2 cm above the ground or moss layer early
in the summer (between 3 and 11 July) and the cut
material was removed. The fertilizer (2 g N, 0.3 g P,
and 1.4 g K m™?) was dissolved in 10 L of water and
added to plots immediately after defoliation (between 5



and 12 July). Those plots that were not subjected to
fertilization received 10 L of pure water. The fertilizer
application was aimed to match the amount of nutrients
removed by defoliation, but because plant production
was lower than expected, the added amount of
N exceeded the amount removed by defoliation (1.5
and 1.3 g N m™ from the fertilized and nonfertilized
plots, respectively; Olofsson and Shams 2007) and thus
led to an unintended net addition of N into the grass-
land. Trampling was simulated by dropping a pole
(12 kg and 80 mm in diameter) from a height of 40 cm
on the vegetation using an intensity of 100 pole drops
per square meter. The pressure from the pole is similar
to that from a reindeer hoof and the frequency of the
simulated trampling was set to mimic the trampling
observed by trampling indicators in natural settings
(Egelkraut et al. 2020). The trampling treatment was
applied after defoliation and fertilization (between 7
and 12 July). Consequently, there were eight treatment
combinations and five plots in each, for a total of forty
plots.

Analysis of fungal parameters

Individual Potentilla and Saussurea plants were col-
lected from the plots in beginning of August 2005.
We aimed to collect at least three individual Potentilla
and Saussurea in each of the forty plots. However, the
natural abundance of the target species varied and this
was not possible in all plots. On average four indivi-
duals of each species per plot were collected, but out of
forty plots, in three plots only two Saussurea were
collected, in two plots only one Saussurea was col-
lected, and in one plot only two Potentilla were col-
lected. This deviation from target numbers was random
and not related to the treatments. Altogether 173
Potentilla and 164 Saussurea individuals were collected.
The plants with their root systems were collected from
the field by cutting about 12 cm x 12 cm X 12 cm soil
around the shoots. The soil blocks were transferred to
the laboratory and the roots of individual plants were
carefully washed to remove soil. For each plant,
between five and ten root fragments of 2 cm length
were cut from the root system and stored in 50 percent
ethanol until analyzed for fungal colonization intensity.
Fungal colonization intensity in the roots was assessed
under a light transmission microscope using the grid-
line intersection method (McGonigle et al. 1990) after
clearing the roots with H,O, and KOH and staining
with trypan blue (Phillips and Hayman 1970). For each
root fragment, ten intersections were scored for the
presence of classic arbuscular mycorrhizal structures
(hyphae, arbuscules, vesicles), collectively those of fine
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endophytes, dark septate endophytic fungi, and yeasts.
FE structures were identified because of their very thin
and intensively staining hyphae that form
a characteristic morphology (Gianinazzi-Pearson et al.
1981). DSE fungi are characterized by formation of
nonstaining, dark, pigmented, and septate hyphae and
sclerotia in plant roots. Yeasts were classified as trypan
blue staining unicellular fungi. Root colonization by
other fungi was negligible. Roots were scored at
100x magnification, or occasionally at higher magnifi-
cation when necessary.

Analysis of plant frequency, shoot phosphorus and
nitrogen concentrations

The frequency of Potentilla and Saussurea on the plots
was scored in July in 2003, 2004, and 2005 using
a 50 cm x 50 cm frame with 10-cm squares positioned
in the middle of the plot. The frequency of the species
is the number of squares occupied by the species. Shoot
material of Potentilla and Saussurea was collected in
beginning of August 2005. All plant material from a -
0.25 m x 0.25 m subplot was collected and a subsample
of this was used for chemical analyses. Dried and
milled plant material was acid digested using the
Paar001H program in the Paar Physica multiwave sam-
ple preparation system (PerkinElmer) and plant
P content was analyzed following the procedure
described in John (1970). P concentration was mea-
sured as absorbance at 882 nm (UV-160A, Shimadzu).
Leaf carbon and nitrogen contents were analyzed using
an elemental analyzer (PerkinElmer 2400 Series II
CHNS/O-analyzer).

Statistical analyses

Plants in one plot are likely not to be independent of
each other and therefore mean values per plot were
used as statistical variates. Consequently, N = 40 and
n = 5 for all analyses. To test plant frequency
responses to treatments over the years, a repeated
measures analysis of variance (ANOVA) was con-
ducted. To test for statistically significant differences
due to treatments in the nutrient concentration and
colonization parameters, a full-factorial ANOVA
including interactions was conducted. The factors
defoliation, trampling, and fertilization were consid-
ered fixed in the model. Homogeneity of variance was
tested with Levene’s test. Correlations between the
frequency of different fungal structures were esti-
mated with Pearson’s correlation analysis. All statis-
tical analyses were conducted using SPSS v24 (IBM
2016).



84 M-M. KYTOVIITA AND J. OLOFSSON

Results

The target plants had opposite responses to different
aspects of grazing in terms of plant frequency in the
plots (Figure 1, Table 1). Fertilization decreased
Potentilla mean abundance, whereas cutting signifi-
cantly mitigated the negative effect of fertilization
(Figure 1, Table 1). Cutting had clear negative effects
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Figure 1. Relative annual change in Potentilla crantzii and
Sassurea alpina frequency in the field plots subjected to fertiliza-
tion, trampling, and cutting treatments in a full-factorial design
(N = 40 for Potentilla and N = 39 for Saussurea). Fertilization (F),
Trampling (T) and Cut (C).

Table 1. Repeated measures ANOVA results on Potentilla crantzii
and Saussurea alpina frequency on the plots exposed to fertiliza-
tion, trampling, and cutting treatments in a full-factorial design
over the years 2002 to 2004.

Source of variation

Between subjects df SS F value p Value
Potentilla

Fertilization (F) 1 159.8 1.544 226
Trampling (T) 1 70.5 0.681 A17
Cutting (C) 1 15.8 0.154 .699
cT 1 394 0.381 543
CF 1 1,451.3 14.023 .001**
FT 1 178.1 1.721 202
CFT 1 7.7 0.073 790
Residual 24 2,483.7

Within subjects

Year 3 121.6 9.093 <.007%***
F X Year 3 15.2 1.137 .340

C X Year 3 449 3.356 023**
T X Year 3 160.2 11.98 <.007%**
F x C x Year 3 32,6 244 .071*
FxTx Year 3 47.0 15.65 .019**
CXxTx Year 3 11.0 0.819 488
FxCxTx Year 3 4.2 0.315 .815
Residual 72 321.1

Saussurea

Source of variation

Between subjects

Fertilization (F) 1 116.3 3.080 .092*
Trampling (T) 1 18.0 0.477 497
Cutting (C) 1 231.1 6.119 021%*
CcT 1 5.8 0.140 712
CF 1 21.1 0.559 462
FT 1 0.1 0.003 955
CFT 1 0.3 0.007 932
Residual 24 906.2

Within subjects

Year 3 99.9 14.497 <.007%**
F X Year 3 14.2 2.258 .089*
C X Year 3 83.1 13.246 <.007%**
T X Year 3 7.2 1.146 336

F x Cx Year 3 6.6 1.05 377
FXxTx Year 3 3.8 0.61 612
CxTx Year 3 0.7 0.10 957
FxCxTx Year 3 1.2 1.80 159
Residual 72 150.5

Significant p values are highlighted as p < 0.1(*), p < 0.05 (**), p < 0.01 (¥**).

and fertilization had positive effects on Saussurea abun-
dance on the plots (Figure 1, Table 1). These responses
were not reflected in a straightforward manner in the
shoot nutrient concentrations (Table 2). N and
P concentrations in Potentilla shoots increased with

Table 2. Nitrogen and phosphorus concentrations (% in dry matter) in the Potentilla crantzii and Saussurea alpina shoots and the P-
values according to the analysis of variance on the three factors (Cut, Fertilization, Trampling) and their interactions. Mean values + SE

are shown, N= 40 for Potentilla and 39 for Saussurea.

Elemental concentration P- values
N% N% P% N N P P
Potentilla Saussurea Potentilla Saussurea Potentilla Saussurea Potentilla Saussurea

control 2.26+0.08 2.48+0.14 0.196+0.011 0.155+0.031
Fert 2.62+0.15 2.76+0.15 0.212+0.015 0.221+0.022 0.012%* 0.120 0.045%* 0.092*%
Tramp 2.69+0.15 2.15+0.16 0.177+0.012 0.157+0.029 0.184 0.023** 0.094 0.168
Cut 2.24+0.13 2.47+0.17 0.157+0.007 0.172+0.020 0.195 0.408 0.058 0.278
T 2.19+0.21 2.17+0.05 0.163+0.009 0.141£0.021 0.373 0.661 0.161 0.282
CF 2.09+0.16 2.68+0.11 0.192+0.009 0.209+0.026 0.288 0.362 0.311 0.269
FT 2.67+0.10 2.55+0.40 0.179+0.012 0.205+0.038 0.707 0.951 0.437 0.491
CFT 2.69+0.12 2.17+0.12 0.182+0.013 0.135+0.003 0.209 0.519 0.938 0.608

Significant P values are highlighted as P< 0.1 (¥), P < 0.05 (**), P < 0.01 (***).



fertilization and phosphorus concentration reduced in
response to cutting and trampling (Table 2).
Fertilization also increased phosphorus and, to lesser
extent, nitrogen concentrations in Saussurea and tram-
pling had negative effect on N concentration (Table 2).

The AM, vyeast, and fine endophyte frequency
remained stable across the simulated grazing treatments
and the treatments did not affect AM or FE in Potentilla
(Figure 2, Table 3). DSE frequency did not correlate with
any other measured fungal parameter in the plant roots,
but average Potentilla FE and AM frequency correlated
with each other (FE-hyphae, p = .047; FE-arbuscules,
p =.06; N = 40). Fertilization and trampling significantly
increased DSE fungal frequency in Potentilla (Figure 2,
Table 3). None of the treatments affected fungal coloni-
zation in Saussurea roots (Figure 3, Table 3).

a
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Discussion

Herbivore management has been proposed as a tool to
combat global climate change effects in cold climates
(Olofsson and Post 2018). Knowledge on collective and
individual plant responses is critical to successfully pre-
dict tundra ecosystem reactions to changes in herbivore
pressure. The two common herbs studied responded to
simulated grazing in a species-specific manner, high-
lighting the importance of species diversity within the
herbaceous functional group. The diversity in common
plant responses to trampling, cutting, and fertilization is
not trivial because this translates into ecosystem func-
tions through different biomass accumulation and nutri-
ent concentration and therefore effects on herbivores
(Cherif and Loreau 2013). Potentilla crantzii has been
shown to benefit from cattle grazing (Pykald 2005). The
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Figure 2. Average colonization frequency by (A) arbuscular fungal hyphae, arbuscules, and vesicles and (B) dark septate endophytes
(DSE), yeast fungi (yeasts), and fine endophytes (FE) in the roots of Potentilla crantzii grown for three years in field plots exposed to the
fertilization (F), cutting (C), and trampling (T) treatments and their interactions (N = 40).
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Table 3. Probability values according to three factor ANOVA on
AM hyphal (HYPHA), arbuscular (ARB), vesicular (VES), dark sep-
tate (DSE), yeast (YEAST) and fine endophyte (FE) colonization
frequency in roots of Potentilla crantzii and Saussurea alpina. The
plants were growing for three years in plots exposed to
Fertilization, Trampling and Cut treatments in a fully factorial
design (N= 40 for Potentilla and 39 for Saussurea.
Potentilla

HYPHA ARB VES DSE YEAST FE

Fertilization ~ 0.475 0514 0992 0.037** 0.916 0.601
Trampling 0.510 0.117 0837  <0.07***  0.196 0.372

Cut 0.726 0.461  0.628  0.210 0.587 0.453
@) 0.481 0767  0.765 0.819 0.695 0.727
CF 0.515 0.465  0.255  0.026** 0.942 0.835

FT 0.658 0.227 0.546  0.066* 0.728 0.263
CFT 0.431 0.610  0.956  0.0171** 0.910 0.788
Saussurea

HYPHA ARB VES DSE YEAST
Fertilization 0.421 0.179 0.328 0.367 0.370
Trampling 0.626 0.730 0.907 0.458 0.718
Cut 0.233 0.080* 0.277 0.917 0.660
T 0.859 0.461 0.859 0.604 0.442
CF 0.461 0.365 0.300 0.456 0.549
FT 0.339 0.218 0.382 0.567 0.663
CFT 0.461 0.487 0.970 0.351 0.449

Significant P values are highlighted as P< 0.1 (¥), P < 0.05 (**), P < 0.01 (***).

present work suggests that the positive effect of grazing on
Potentilla may be due to removal of taller plants and
reduced light competition. This is further supported by
the decrease in Potentilla abundance in fertilized plots
coinciding with higher overall plant biomass (Olofsson
2009). These results run counter those by Klanderud
(2008) that fertilizing arctoalpine meadows increases
Potentilla abundance and highlights the context depen-
dency of plant responses. In contrast to Potentilla,
Saussurea alpina abundance increases in sites protected
from grazing (Vowles et al. 2017). The present work
elucidates the mechanisms of grazing impact on this
cold climate herb. Saussurea responses to the treatments
suggest that it does not compensate for consumption by
reindeer but would benefit from the improved nutrient
availability associated with grazing.

Cold climate microbes and plants are both nutrient
limited (Schimel and Bennett 2004), and moderate
nutrient additions could have a positive effect on both
in the longer term. AM frequency did not increase in
plant roots when moderately fertilized, but plant nutri-
ent concentrations did. This may indicate high efficiency
of mycorrhizal fungi in transferring N and P to hosts in
nutrient-poor systems. Alternatively, plant nutrient
uptake was facilitated by other microbial associates or
direct root uptake was enhanced. The latter scenario is
unlikely because plant nutrient uptake is downregulated
in the presence of mycorrhizas in their roots (Smith et al.
2011). Although plants and microbes are likely nutrient
limited in the Arctic, there is an upper threshold of
nutrient requirement. Additions exceeding critical

threshold levels affect ecosystem functions (Pardo et al.
2011). Below critical levels, some parts of ecosystems
may already respond to N addition. In our system, in
contrast to the nonresponsive AM fungi, DSE fungal
frequency in plant roots tracked the increase in nutrient
availability in Potentilla, but not in Saussurea, roots.
Previous experiments have also shown that DSE fungal
frequency in arctic plants responds to variations in envir-
onmental conditions. Pietikidinen, Kytéviita, and Vuoti
(2005) and Ruotsalainen and Eskelinen (2011) reported
decreasing DSE fungal abundance in response to fertiliza-
tion in Deschampsia flexuosa (Poaceae) and in Solidago
virgaurea (Asteraceae) in the low Arctic, respectively.
Fertilization doses were as high as 8 g N m* per year in
the experiment by Pietikdinen, Kytoviita, and Vuoti
(2005) and 9.6 g N m* per year in the experiment by
Ruotsalainen and Eskelinen (2011), whereas in the pre-
sent experiment only the natural amount expected from
increased input from grazing was added (2 g N m®
annually). It is therefore possible that relatively sudden
large increases in nutrient availability have a negative
effect on root colonizing DSE fungi, whereas more mod-
erate increases have a positive or neutral effect.
Supporting the latter view, Kytoviita, Pietikdinen, and
Fritze (2011) did not find DSE fungal colonization differ-
ences in low Arctic Solidago virgaurea when comparing
two sites that differed naturally in nutrient availability.
Interestingly, DSE frequency increased in the species that
suffered from fertilization, Potentilla, but was not affected
in Saussurea. The plant frequency responses did not
mirror the nutrient status of the plants because N and
P concentrations in plant tissues increased in a similar
pattern in both species. Considering the very limited
amount of data on DSE fungal abundance in plant roots
under environmental manipulations, it is possible that
these results are due to plant and fungal species-specific
responses to increasing nutrient availability.

Defoliation should result in shortage of both plant
photosynthates and plant nutrient capital. Therefore, it
is not straightforward to link plant root fungal responses
to resource allocation by the host (Heyde et al. 2019),
particularly because the plant may have compensatory
responses that increase resource acquisition rates
(Oesterheld and McNaughton 1991). In support of our
initial hypothesis, AM fungal frequency in plant roots
did not respond to cutting. These results are supported
by the frequent finding that AM colonization frequen-
cies remain unaffected by cutting (Barto and Rillig 2010;
Yang et al. 2018; Heyde et al. 2019). Pietikdinen,
Kytoviita, and Vuoti (2005), working in a low Arctic
meadow, showed that within a single growing season,
cutting vegetation decreased DSE frequency in the grass
Deschampsia flexuosa but did not affect the DSE
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Figure 3. Average colonization frequency by (A) arbuscular fungal hyphae, arbuscules, and vesicles and (B) dark septate endophytes
(DSE) and yeast fungi (yeasts) in the roots of Saussurea alpina grown for three years in field plots exposed to the fertilization (F), cutting

(Q), and trampling (T) treatments and their interactions (N = 39).

frequency in two herbaceous species (Solidago virgaurea
and Trollius europaeus). Similarly, DSE frequency did
not statistically significantly respond to clipping in
either herb studied in this article. The variation in DSE
colonization intensity varied notably between plots,
which agrees with previous studies indicating that DSE
colonization is sensitive to small-scale variation in soil
conditions (Ruotsalainen and Eskelinen 2011).
Trampling is a disturbance associated with grazing that is
rarely studied (Heggenes, Odland, and Bjerketvedt 2018).
Trampling may damage roots (Olofsson 2009; Xu et al.
2012) and influence vegetation composition more strongly
than intensive defoliation or fertilization (Egelkraut et al.

2020). In the present work, trampling reduced Saussurea
nutrient acquisition, suggesting a belowground-mediated
negative effect on the plant. Most studies on trampling effects
focus on plant aboveground parts (Rosenthal, Schrautzer,
and Eichberg 2012), but trampling may affect the ecosystem
without visible aboveground effects as in the present case.
Trampling compacts soil (Schrama et al. 2013) and may
reduce soil microbial biomass (Serensen et al. 2009) and
activity (Schrama et al. 2013). There are very few reports
on how trampling affects plant root fungal symbionts. In
contrast to our initial hypothesis, trampling had no effect on
AM fungal abundance in the plant roots. Similar to our
results, trampling did not affect AM colonization in plant
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roots in the Mongolian steppe (Yang et al. 2018). We have
previously shown that saprophytic fungal abundance
decreased in the trampled plots in the present experiment
and fertilization had no direct effect on saprophytic fungal
abundance in the plots (Serensen et al. 2009). These effects
on saprophytic fungi were not mirrored in plant roots
because fertilization and trampling increased DSE fungal
frequency in Potentilla roots. This difference in soil fungi
and root-inhabiting DSE could be explained by assuming
that DSE fungi do not form such a large biomass in soil that
their response would dominate the overall saprophytic fun-
gal response or that the DSE fungal abundance in soil is not
reflected in DSE fungal frequency in plant roots. Similar to
a laboratory experiment with Medicago sativa (Saravesi,
Ruotsalainen, and Cahill 2014) and a field experiment in
arid steppe grasses (Garcia, Mendoza, and Pomar 2012), the
DSE frequency in the plant roots increased in the treatments
where the plant performance was reduced. These results
show that DSE colonization may track changes in the envir-
onmental conditions, unalike AM fungi.

FE colonization was observed in Potentilla, but not in
Saussurea, roots in this study. Similarly, FE colonized only
Potentilla but not Solidago virgaurea or Alchemilla glomer-
ulans in a low Arctic meadow in Kilpisjarvi, Finnish Lapland
(Kytoviita, Pietikdinen, and Fritze 2011). This suggests
a limited host range of FE fungi. FE colonization is common
in some alpine meadows (Read and Haselwandter 1981;
Miillen and Scmidt 1993). Read and Haselwandter (1981)
suggested that FE colonization may be more common at
high altitudes than at low altitudes. Zubek et al. (2009) noted
that FE may be more common when competition by AM
species is low. An AM species forming FE colonization has
been shown to be a beneficial symbiont for plants (Powell
1979), and FE frequency may increase when plants are
grown with low nutrient availability (Daft and Nicholson
1974; Rabatin 1979; Kytoviita, Pietikdinen, and Fritze 2011).
In line with AM fungi, the FE frequency did not respond to
simulated grazing in the present experiment, suggesting that
they may be functionally similar. The abundance of staining
filamentous Ascomycete fungi (i.e., Ascomycetes other than
DSE fungi) and Basidiomycetes is very low (<1 percent
frequency) in roots of low Arctic herbs (Pietikiinen,
Kytoviita, and Vuoti 2005; Kyt6viita, Pietikdinen, and
Fritze 2011). However, unicellular yeasts belong to
Ascomycota or Basidiomycota and may colonize up to
10 percent root length in low Arctic plants (Kytoviita,
Pietikiinen, and Fritze 2011). In the present experiment,
yeasts were discovered in roots of both target plant species,
but their abundance was not affected by the simulated graz-
ing. Endophytic yeasts have been shown to promote plant
growth in crop plants (Joubert and Doty 2018). Recently,
functional roles have been attributed to nonmycorrhizal
fungi in arctic plant roots (Almario et al. 2017). It remains

an open question whether and how the ubiquitous yeast
colonization affects arctic host plants.

Teasing the interactive effects of a grazer (trampling,
defoliation, and fertilization) apart showed that none of
these affected AM fungal frequency in the two target
species given singly or in factorial combinations. The
present experiment was long enough (three years) for
new roots to grow after initiation of the treatments and
hence potentially for mycorrhiza-free roots to develop
under field conditions even in slow-growing subarctic
herbs. The fact that both target species retained a high
frequency of arbuscules, the putative sites of resource
exchange under simulated grazing, is strong evidence
that AM mycorrhizas are an integral part of plant
resource acquisition strategy when the plants experience
herbivory and are growing in intensively trampled and
moderately nutrient-enriched conditions. The idiosyn-
cratic responses by DSE fungal frequency in the two
host plants in our experiment indicate that the host
plant identity has a pivotal role in the DSE fungus—plant
outcome. DSE fungal frequency did not respond to envir-
onmental manipulations in a manner similar to arbuscu-
lar mycorrhizas, suggesting that they have different roles
in plant ecology. Given the limited information on DSE
fungal biology, DSE fungal frequency in a host plant’s
roots may be (1) determined by the host plant and
changes in its physiology in response to the environment,
(2) aresult of DSE fungi responding directly to changes in
the abiotic soil environment, or (3) a result of DSE fungi
responding to the biotic soil environment. Novel experi-
mental approaches are needed to elucidate these
possibilities.
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