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Abstract The Alaskan tussock tundra is a strongly
nutrient-limited ecosystem, where almost all vascular
plant species are mycorrhizal. We established a long-term
removal experiment to document effects of arctic plant
species on ecto- and ericoid mycorrhizal fungi and to
investigate whether species interactions and/or nutrient
availability affect mycorrhizal colonization. The treat-
ments applied were removal of Betula nana (Betulaceae,
dominant deciduous shrub species), removal of Ledum
palustre (Ericaceae, dominant evergreen shrub species),
control (no removal), and each of these three treatments
with the addition of fertilizer. After 3 years of Ledum
removal and fertilization, we found that overall ectomy-
corrhizal colonization in Betula was significantly re-
duced. Changes in ectomycorrhizal morphotype com-
position in removal and fertilized treatments were also
observed. These results suggest that the effect of Ledum
on Betula’s mycorrhizal roots is due to sequestration of
nutrients by Ledum, leading to reduced nutrient availabil-
ity in the soil. In contrast, ericoid mycorrhizal coloniza-
tion was not affected by fertilization, but the removal of
Betula and to a lower degree of Ledum resulted in a
reduction of ericoid mycorrhizal colonization suggesting
a direct effect of these species on ericoid mycorrhizal
colonization. Nutrient availability was only higher in
fertilized treatments, but caution should be taken with the
interpretation of these data as soil microbes may
effectively compete with the ion exchange resins for the
nutrients released by plant removal in these nutrient-
limited soils.
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Introduction

Mycorrhizas are the mutualistic symbiosis between plant
roots and fungi. Mycorrhizal associations are believed to
be most beneficial in habitats where plants face strong
nutrient limitations (Allen 1991). In these habitats,
mycorrhizal plants tend to be strongly dependent on their
fungal partner for nutrient acquisition (Allen and Allen
1991). Accordingly, mycorrhizal colonization is expected
to decrease when plant nutrient limitations are amelio-
rated. This decrease has been documented for arbuscular
mycorrhizas (Jasper et al. 1979; Abbott et al. 1984,
among others). There is some evidence that nutrient
availability, and in particular N, may also affect ectomy-
corrhizal fungi (Aerts and Bobbink 1999). Nutrient
addition experiments often reduce the biomass and
diversity of aboveground fruiting bodies of mycorrhizal
fungi (Wallenda and Kottke 1998 for a review; Peter et al.
2001). Effects of nutrient addition on below-ground
ectomycorrhizal fungal structures are much less known
(Peter et al. 2001; Lilleskov and Bruns 2001). Conversely,
even though it has been demonstrated that high nutrient
availability results in a decline (Moore-Parkhurst and
Eglander 1982) or inhibition (Stribley and Read 1976) of
ericoid mycorrhizal fungi in laboratory experiments, field
studies have failed to confirm this trend (Caporn et al.
1995; Michelsen et al. 1999; Johansson 2000).

Tussock tundra is a strongly nutrient-limited ecosys-
tem co-dominated by four plant functional types:
graminoids, mosses, deciduous shrubs, and evergreen
shrubs (Chapin et al. 1996). Evergreen and deciduous
shrubs exploit the same soil horizon for nutrient uptake
(Nadelhoffer et al. 1996; McKane et al. 2002) and are
relatively similar in the timing and form of soil N used
(McKane et al. 2002). Vegetation changes in tussock
tundra are usually attributed to changes in nutrient
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availability (Hobbie et al. 1999; Bret-Harte et al. 2001) or
plant-plant interactions such as competition or facilitation
through climatic amelioration (Chapin and Shaver 1985;
Chapin et al. 1995; Hobbie and Chapin 1998). Although
the strong mycorrhizal dependence of the majority of the
vegetation is well known (Read 1990), there is no
published laboratory or field study evaluating the effects
of plant species interactions that focuses on ecto- and
ericoid mycorrhizal communities.

The aim of our study was to assess the effects of
nutrient availability and removal of plant species, be-
longing to different functional types, on ecto- and ericoid
mycorrhizal colonization in tussock tundra vegetation.

Materials and methods
Site description and treatments

This study was conducted in moist tussock tundra near Toolik Lake
at the arctic Long Term Ecological Research (LTER) site in the
northern foothills of the Brooks Range of arctic Alaska (68°38'N,
149°34'W, elevation 760 m). Vegetation on the site is characterized
by approximately equal biomass of graminoids (mainly Eriopho-
rum vaginatum and Carex bigelowii), deciduous shrubs (mainly
Betula nana, with less Salix pulchra), evergreen shrubs (mainly
Ledum palustre spp. decumbens and Vaccinium vitis-idaea), and
mosses (mainly Hylocomium splendens, Aulacomnium turgidum,
Dicranum spp. and Sphagnum spp.) (Shaver and Chapin 1991).
Nomenclature follows Hultén (1968).

In 1997, we established six replicate blocks in homogeneous
acidic tussock tundra on a gentle (5%) north-facing slope,
approximately 100 m uphill from the LTER experimental plots
(Bret-Harte et al. 2001, 2002), on the same geologic surface. Each
block consisted of a row of seventeen 2x3-m plots separated by 1-m
buffer strips. Blocks were oriented perpendicular to the slope,
separated from each other by 2-m buffer strips. Boardwalks were
constructed in the 1-m buffer strips between the plots and around
the perimeter of the experiment, so that all plots could be accessed
without trampling. Within each block, three plots were randomly
assigned to the following removal treatments: (1) control (no
species removed), (2) Betula (removal of B. nana), (3) Ledum
(removal of Ledum palustre ssp. decumbens). An additional three
plots were randomly assigned to receive the same removal
treatments specified above, with the addition of N and P fertilizers.
The remaining 11 plots in each block received other removal
treatments (M. S. Bret-Harte, unpublished data), results of which
are not included in the present report.

Species were removed by pulling out the aboveground stems
and as much as possible of the belowground stems until they broke
below ground (Betula and Ledum removal treatments). Betula
removal took away approximately 125 g m™, Ledum removal took
away approximately 195 g m™2. Care was taken to avoid breaking
the stems of non-target species, but some damage did occur,
particularly to fine roots of species next to stems of the target
species. Control and fertilized plots without removals were
disturbed to simulate the side effects of removal by pulling on
the stems of the vegetation without breaking them and by disrupting
the moss layer by grabbing and shaking it. No biomass was
removed from these non-removal plots (the total vascular biomass
in the disturbed control community was approximately 500 g m™ at
the time of sampling). After establishment of the removal
treatments in 1997, the plots were maintained annually by
removing in early June of each year the regrowth of target species
from remaining sections of belowground stem and by disturbing the
control and fertilized plots. Although removal experiments have
some drawbacks, a synthesis of the results of these experiments
suggests that they are very useful for understanding complex

interspecific interactions and other ecological questions relevant to
the functioning of real communities and ecosystems in the field
(Diaz et al. 2003).

For all fertilization treatments, we used the same N and P
fertilizers and application methods as in previous work (Shaver and
Chapin 1980, 1986; Chapin et al. 1995; Chapin and Shaver 1996;
Bret-Harte et al. 2001). N and P were applied to the plots annually
in early June, starting in 1997. We applied N (as slow-release
granular NH4NO;) at 10 g m?2 year'l and P (as commercial gzranular

superphosphate, a mixture of calcium phosphates) at 5 g m™ year ™.

Root sampling

In the fourth year of nutrient addition and removal treatments, on 6
and 12 July 2000, six cores of 5.5 cm diameter and 10-15 cm
length, depending on the mycorrhizal roots’ profile depths, were
taken in each plot; these six subsamples were combined to
constitute one sample per plot. Ectomycorrhizal roots of B. nana
were easily distinguishable from ericoid roots of L. palustre, V.
vitis-idaea and other much less abundant ericaceous shrubs (e.g.,
Vaccinium uliginosum , Empetrum nigrum). Both types of roots
were carefully separated and washed with water for examination.

Assessment of mycorrhizal colonization
B. nana roots

The roots in each sample were divided into two subsamples; the
roots of each subsample were spread over a grid-lined Petri dish
and all the root intersections with the gridline were assessed for
mycorrhizal colonization. Only fine roots that can be potentially
colonized were considered. Four hundred to 600 root intersections
were scored per sample, depending on sample size. Percentage of
root colonization was assessed as the proportion of total root
intersections that were colonized (Bundrett et al. 1996).

Morphotypes of different ectomycorrhizas were distinguished
by macroscopic characteristics of the fungal mantle, such as color,
surface appearance, presence of emanating hyphae and hyphal
strands, as well as microscopic features such as mantle type and
hyphal connections (Agerer 1987-1993). This classification was
intended to differentiate ectomycorrhizal types, but it is not
adequate for taxonomic purposes. We assigned a designator letter
to each distinct type.

Ericoid roots

Ericoid roots were easily recognizable by their small diameter, the
presence of “hair roots” and a characteristic white or brown color
depending on their age. No mantle or Hartig net were observed in
ericoid roots. Therefore we assumed that all structures measured
belonged to the ericoid mycorrhizal type. The roots were obtained
from soil cores, therefore we were not able to distinguish between
roots of individual species. They were separated from non-ericoid
roots and soil, washed with water; and stored in formaldehyde-
acetic acid-alcohol until processed. All dead and damaged roots
were discarded. All thin roots (<1 mm without apparent suberin)
were cleared and stained following Grace and Stribley (1991). They
were then mounted on semi-permanent slides in polyvinyl-lactic
acid-glycerol (Omar et al. 1979); three slides per sample were
prepared. The root endophyte quantification was made using the
magnified intersection method (McGonigle et al. 1990) using a
compound microscope (Kyowa optical, Model LSCB-VC-2B-L),
magnification x150. Fifty intersections per slide were scored
(150 intersections/sample). No ectomycorrhizal colonization was
observed in ericoid roots.



Assessment of nutrient availability

We measured the accumulation of NH4*, NOs", and PO, on ion
exchange resins incubated in the soil to compare the relative
availability of N and P in the different treatments (Giblin et al.
1991). Resin bags were made from nylon stocking material, which
was soaked in 0.1 M HCI overnight before filling with ion
exchange resins. Each bag contained 9 g fresh weight mixed-bed
ion exchange resins (IONAC nm-60 H*/OH" form, type I beads 16—
50 mesh; Baker, Phillipsburg, N.J.). Resin bags (one per plot) were
placed at approximately 5 cm depth in the soil on 22 June, and were
removed on 14 August 1999. Resin bags were washed free of soil
using distilled water, then extracted in 100 ml of 2 M NaCl in 0.1 M
HCI overnight. Extracts were frozen until analysis. For analysis,
extracts were thawed in a refrigerator, brought to neutral pH by the
addition of NaOH and analyzed colorimetrically for NH4*, NOjy’,
and PO,> (Whitledge et al. 1981) on a modified Technicon
autoanalyzer (Tarrytown, New York).

Statistical analysis

Data from subsamples were combined for a given plot prior to
statistical analysis. After testing for the assumptions of normality,
homogeneity of variances and independence of errors, data on
ericoid and ectomycorrhizal roots were analyzed by a 2-way
ANOVA (General Linear Model, general factorial procedure with
species removal, fertilization and block as main effects, and with a
species removalxfertilizer interaction effect) (SPSS System for
Windows, Norussis 1997). To test the effects of removal of
individual species (Betula and Ledum) with and without fertiliza-
tion on mycorrhizal colonization, the main question addressed by
this research, Tukey honestly significant difference tests were
applied a posteriori to locate the differences among treatment
means (SPSS system for Windows, Norusis 1997). Data on nutrient
availability had inhomogeneous variance because of high variation
in the fertilized plots. Because log-transformation failed to produce
homogenous variance (Cochran’s test; Winer et al. 1991), data were
rank-transformed and 2-way ANOV As (same model as above) were
run on the rank data (Zar 1999). This non-parametric analysis
yielded the same conclusions as parametric ANOVAs run on the
untransformed data, suggesting that it had sufficient power (Zar
1999).

Results

Ectomycorrhizas

After 3 years of treatment, we found that fertilization and
Ledum removal each promoted a significant reduction
(P=0.042 and P=0.043 respectively) in ectomycorrhizal
colonization of Betula (Table 1, Fig. 1). There was no
significant effect of fertilization under species removal
treatment, and no significant effect of removal under

Table 1 Results of two-way ANOVA on ecto- and ericoid
mycorrhizal colonization. Block Main effect of block treatment,
Fertilization main effect of fertilization treatment, Species removal
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Fig. 1 Percentage of ectomycorrhizal colonization of Betula roots
in the tussock tundra, Alaska, under different treatments: control
(0), fertilizer addition (F), Ledum removal (LR), Ledum re-
moval+fertilizer addition (LR+F). Error bars indicate +1 SE (n=6
blocks). Bars with the same letters are not significantly different
[Tukey’s honestly significant difference (HSD) test, P <0.05]
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Fig. 2 Proportion of each mycorrhizal morphotype (Morph.) in
Betula roots in the tussock tundra, Alaska under different
treatments: C, F, LR, LR+F. For other abbreviations, see Fig. 1

fertilization, but we found a significant interaction
(P=0.012) between fertilization and Ledum removal
treatments. These results indicate that the effects of
Ledum removal and fertilization were not additive
(Fig. 1).

Removal and fertilization also resulted in changes in
the relative abundance of fungal morphotypes colonizing
the roots of Betula (Fig. 2). There was both a relative and
an absolute decrease in morphotype A, which was the
dominant in the control, and an increase in morphotype D.
That fertilizer addition and Ledum removal had similar
effects on ectomycorrhizal colonization and morphotype
composition suggests that the interactions between Ledum

main effect of species removal treatment, FxSP fertilizer-by-
species removal interaction term in the ANOVA

Variables Source of variation

Block Fertilization Species removal FxSR
Mycorrhizal type F df P F df P F df P F df P
Ectomycorrhizal Colonization 046 5,23 0803 494 1,23 0.042 4.89 1,23 0.043 8.28 1,23 0.012
Ericoid mycorrhizal colonization ~ 0.78 5,34 0.612 1.16 1,34 0309 7.80 2,34 0.003 0.1 2,34  0.891
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Table 2 Results of two-way ANOVAs on the effects of treatments and blocks on relative nutrient availability, as measured by ion

accumulation on resin bags. For explanation of terms, see Table 1

Variable Source of variation

Block Fertilization Species removal FxSR
F df J2 F df P F df P F df P
NH,*-N 1.938 5,17 0.140 67.775 1,17 <0.0001  0.124 2,17 0.884 1.126 2,17 0.347
NO;5-N 0.364 5,17 0.866 40.184 1,17 <0.0001  1.745 2,17 0.205 0.802 2,17 0.465
PO,*-P 0.286 5,16 0.914 37599 1,16 <0.0001  0.311 2,16 0.737 0.374 2,16 0.694
50 | a combined with species removal than under fertilization
> :: 2 ab alone suggesting an additive effect. However, species
2 ab b removal did not significantly affect resin accumulation of
ES b N or P, and the interaction between species removal and
ER = fertilization was also not significant for either N or P
g s f‘: (Table 2). NO; made up approximately 10% of the
5 0 available inorganic N accumulated by the resins in control
E plots, a bit less than what has been seen previously in
0 resins incubated in tussock tundra soil (Giblin et al. 1991).
(o4 F LR LR+F BR  BR+F

Fig. 3 Percentage of ericoid mycorrhizal colonization of erica-
ceous plant roots in the tussock tundra, Alaska, under different
treatments: C, F, LR, LR+F, Betula removal (BR), Betula
removal+fertilizer addition (BR+F). Error bars indicate +1 SE
(n=6 blocks). Bars with the same letters are not significantly
different (Tukey’s HSD test, P <0.05) . For other abbreviations, see
Fig. 1

and Betula mycorrhizal roots may be mediated by nutrient
availability.

Ericoid mycorrhizas

Fertilization treatments did not affect ericoid mycorrhizal
colonization significantly (Table 1, Fig. 3). In contrast,
the removal treatments resulted in a significant reduction
(P =0.003) of ericoid mycorrhizal colonization, primarily
due to the reduction in ericoid mycorrhizas caused by
Betula removal (Table 1, Fig. 3). In other words, high
levels of colonization of mycorrhizal fungi in ericoid
roots may have been directly linked to the presence of
Betula mycorrhizal roots. The presence of Ledum seems
to have a similar, but less strong effect on the remaining
ericoid roots (Fig. 3). In contrast to ectomycorrhizas,
changes in ericoid mycorrhizal colonization may be
related to factors different from nutrient enhancement.

Nutrient availability

Fertilization had a significantly positive effect (P<0.0001)
on the accumulation of NH4*, NOs", and PO by resins
(Table 2). Fertilization caused a two- to ninefold increase
in accumulation of available inorganic N and P by resins
where no species were removed. For both NOj’, and
NH,*, there was an increase when fertilization was

NOj3; made up a higher proportion of the available
inorganic N in fertilized plots, as expected.

Discussion

The percentages of root colonization by both ecto- and
ericoid mycorrhizal fungi found in our study were similar
to those reported for other cold, nutrient-limited areas of
the world, mainly boreal temperate forests and heathlands
(Helm et al. 1996, 1999; Johansson 2000). It has been
proposed that root colonization by mycorrhizal fungi
decreases with increasing nutrient availability in the soil,
because plants can meet their nutrient requirements
through direct uptake by roots without the extra C
expenditure required to support mycorrhizal fungi (Aerts
and Chapin 2000). The lower rates of ectomycorrhizal
colonization that we observed in Betula roots under
fertilization are consistent with this idea and with the
results of previous studies (Wallenda and Kottke 1998;
Peter et al. 2001).

The similarity of Befula ectomycorrhizal response to
nutrient addition and Ledum removal, in terms of both
reduced colonization and changes in morphotype compo-
sition, suggests that the effect of Ledum removal on
Betula mycorrhizas could be explained by increased
nutrient availability. This hypothesis is supported by >N
addition experiments at Toolik lake, which show that
Ledum and Betula are more similar than any two other
tussock tundra species in the soil depth, and form of N
(NH4*) exploited, but that Ledum exploits these pools
earlier in the season than Betula, leaving less NHy*
available to Betula in late season (McKane et al. 2002).
Our data on nutrient availability as measured by accu-
mulation on resins the year before our measurements,
show that species removal did not have a significant
effect on nutrient availability. Nevertheless, caution
should be taken at interpreting these data, because ion



capture by resin bags is sensitive to a number of factors
including competition from microbes and plants (Binkley
1984), soil moisture (Lajtha 1988), and rates of miner-
alization (Giblin et al. 1991). It is possible that, in the
extremely nutrient-limited soils of the tussock tundra,
uptake by Betula and soil microbes competes effectively
with the ion exchange resins for the nutrients released by
Ledum removal and could have prevented accumulation
on the resin bags. Also, because we had to use non-
parametric statistics to analyze the resin bag data, our
power to detect subtle changes is low.

Although aboveground Betula biomass responds
strongly to nutrient addition (Bret-Harte et al. 2001), it
did not show a biomass response to Ledum removal in the
absence of fertilization in our experiment (M. S. Bret-
Harte, unpublished data). It seems possible that within the
duration of this experiment, nutrients released by Ledum
removal are enough for Betula to stop supporting high
rates of mycorrhizal colonization but insufficient for
Betula to generate significantly greater aboveground
biomass. The effects of fertilizer addition and Ledum
removal were not additive, perhaps because they both
increase nutrient availability to the point where nutrients
are no longer limiting and the cost to the plant of
supporting low levels of mycorrhizal colonization is small
compared to the cost of regulatory mechanisms to exclude
the fungi (Johansson 2000).

Changes in mycorrhizal fungal composition in re-
sponse to plant species manipulation and nutrient addition
have been previously observed mainly for aboveground
structures (i.e., sporocarps) (Wallenda and Kottke 1998)
and recently for belowground structures (Peter et al.
2001). In the present study, which focuses on below-
ground structures (i.e., morphotypes in colonized roots),
morphotype A decreased in the absence of Ledum and
under nutrient addition, whereas morphotype B, which we
believe to be Cenoccocum geophilum, and morphotype D,
increased their rates of colonization. These findings
suggest that the different fungal symbionts differ in their
competitive advantage, depending on community com-
position and nutrient availability (Deacon and Fleming
1992).

The lack of response of ericoid mycorrhizal coloniza-
tion to nutrient addition is consistent with other field
experiments (Caporn et al. 1995; Michelsen et al. 1999;
Johanson 2000). Together these results demonstrate that
ericoid mycorrhizas differ from other mycorrhizal types
in their lack of response to nutrient addition. The
unexpected decline in the proportion of ericoid roots
colonized by mycorrhizal fungi in response to Betula and
Ledum removal, therefore, cannot be explained as a
release from competition for nutrients, because fertiliza-
tion had no effect on ericoid mycorrhizas. Michelsen et al.
(1995) suggested two possible mechanism by which
Betula pubescens may negatively affect two ericoid
species: a negative (perhaps allelopathic) effect of Betula
on ericoid species or a greater availability of labile C
when Betula is present that promotes microbial activity
and uptake, depleting available N and P pools for ericoid
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species. Regardless of the mechanism, it seems that the
ericoid mycorrhizal colonization responded to the pres-
ence of Betula rather than the direct effect of nutrient
availability.

In summary, our results suggest that ecto- and ericoid
mycorrhizas respond to nutrient addition and species
interactions in different ways. Thus, they may play an
important role in mediating competitive interactions
among plants in this strongly nutrient-limited arctic
ecosystem (Chapin and Shaver 1985; Chapin et al.
1995; Hobbie and Chapin 1998; Hobbie et al. 1999;
Shaver et al. 2001). Ectomycorrhizas of Betula act as an
extension of the root system, changing in abundance and
composition in response to Ledum removal in the same
way as they respond to changes in nutrient availability.
Ericoid mycorrhizas, however, respond to changes in
community composition in ways that are best explained as
a direct response to Betula removal, rather than to
changes in nutrient supply. Mycorrhizas therefore might
influence the competitive balance among plant species
through different interacting mechanisms that must be
considered in any mechanistic approach to understanding
the current or future composition of arctic plant commu-
nities.
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