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Abstract. A common response of plant communities to increased nitrogen (N) deposition is a shift in
species’ abundances. Multiple factors have been proposed to explain the changes in abundance, notably
competition and soil acidification. We hypothesized that a plant species that decreased in abundance with
elevated N would have lower ectomycorrhizal fungi, altered root-associated bacteria communities, and/or
greater susceptibility to Al toxicity than a species that increased in abundance with increasing N deposi-
tion. We examined changes in plant-microbe associations and Al toxicity in two dominant species from an
alpine dry meadow community subjected to long-term low-level N addition. Carex rupestris has increased
in cover over time with N addition and Kobresia myosuroides has decreased. We conducted field sampling
of soil microbes from treatment plots and tested whether field levels of Al have toxic effects on sedge spe-
cies in a greenhouse study. Declines in ectomycorrhizal infection of Cenococcum geophilum occurred on
Kobresia with increasing N treatment. In contrast, neither Al level nor changes in bacteria community com-
position corresponded with the change in cover of sedge species. Decreased ectomycorrhizal infection may
have contributed to the decrease in abundance of Kobresia. This study contributes to an understanding of
the types of plant—soil interactions that may influence how plant species respond to N deposition and
rejects Al toxicity and changes in bacteria composition as factors that likely play a role in changes in sedge
abundance.
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INTRODUCTION

Atmospheric nitrogen (N) deposition from
anthropogenic sources has led to eutrophication
and loss of diversity, followed by acidification in
many aquatic and terrestrial ecosystems world-
wide (Galloway et al. 2004). While changes in
plant diversity is one of the first and most com-
monly reported indicators associated with
increasing N deposition in terrestrial plant com-
munities (Bobbink et al. 1998, Bowman et al.
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2006, Simkin et al. 2016), changes in diversity are
variable in magnitude and even direction, with
decreases in species richness and evenness com-
monly reported in experimental N studies
(Stevens et al. 2004, Clark et al. 2008, 2013, de
Schrijver et al. 2011). Several possible mechanisms
have been proposed to explain how N deposition
elicits changes in plant community diversity,
including competition (Bobbink et al. 1998, 2010,
Brooker 2006, Hautier et al. 2009, Dickson
and Foster 2011), changes in plant-microbial
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interactions (Johnson et al. 2008, Suding et al.
2008), and soil acidification (Houdijk et al. 1993,
Roem et al. 2002, Van Den Berg et al. 2005, Ste-
vens et al. 2010). Altered competitive interactions
among plant species is a primary hypothesis
explaining N-induced shifts in plant diversity, but
there is little experimental evidence to demon-
strate how it operates. One hypothesis suggests
that greater productivity leads to decreased light
availability in the community understory, which
drives a decrease in diversity (Hautier et al. 2009).
Alternatively, altered competition among plant
species may be induced by indirect effects of N on
soil chemistry or soil biota. Some evidence sug-
gests that acid-tolerant species are favored when
high N deposition conditions lead to soil acidifica-
tion (Stevens et al. 2010). Less attention has been
given to changes in soil microbial composition
(Lilleskov et al. 2002, Farrer et al. 2013, Dean
et al. 2014, Allen et al. 2016) and aluminum (Al)
toxicity in plants as it relates to soil acidity
(Houdijk et al. 1993, De Graaf et al. 1997) as con-
tributors to changes in species abundances. These
soil components are directly influenced by N con-
centrations and are known to influence plant spe-
cies differently and thus could play important
roles in changes in species abundances due to N
deposition.

Plant health and fitness can be influenced by
pathogenic and/or mutualistic soil microorgan-
isms that interact with plant roots (van der Heij-
den et al. 2008). Species-specific changes in plant
fitness over time can lead to changes in plant spe-
cies diversity. Since microbial community com-
position and function are tightly linked with
nutrient availability (Fierer et al. 2012, Ramirez
et al. 2012), elevated levels of N deposition can
lead to changes in the interactions between
plants and microorganisms. Individual plants
can be directly affected by changes in the abun-
dance of microbial mutualists and pathogens
(van der Putten et al. 1993, Mills and Bever
1998), or indirectly via microbial alteration of the
supply of plant resources (Hodge et al. 2000,
Schimel and Bennett 2004, Suding et al. 2008).
Additionally, these processes can involve feed-
back loops that influence the plant species
responses to N deposition (Bezemer et al. 2006,
Sigtienza et al. 2006, Kardol et al. 2007, Kulma-
tiski et al. 2008). Thus, microbial community
composition is believed to be an important but
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poorly understood influence on changes in plant
responses to N deposition (van der Heijden et al.
2008, Mitchell et al. 2010, Farrer et al. 2013).

Nitrogen deposition can also impact plants by
altering soil chemistry. Elevated N increases
the leaching of nutrient base cations (calcium,
magnesium, potassium), eventually leading to
enhanced weathering and mobility of acidic
cations—namely Al in acidic soils (van Breemen
et al. 1983, Bowman et al. 2008, Stevens et al.
2009). Increased Al mobility is detrimental
because Al is toxic to plants and soil microorgan-
isms (Thompson and Medve 1984, Delhaize and
Ryan 1995, Chen et al. 2013). Differences in plant
species’ tolerances to Al could therefore con-
tribute to the different responses to N deposition
among plant species. The links between N avail-
ability, soil pH, and Al availability are well estab-
lished, (Bowman et al. 2008, Guo et al. 2011,
Lieb et al. 2011, Greaver et al. 2012), but Al toxic-
ity is rarely considered in plant community ecol-
ogy (as opposed to agriculture), and few studies
have tested Al toxicity as a contributing factor to
the decline of native plant species as a result of N
deposition (De Graaf et al. 1997).

Long-term N addition experiments that simu-
late elevated N deposition in alpine plant com-
munities have resulted in changes in diversity, a
consequence of increases and decreases in differ-
ent species’ abundances (Bowman et al. 2006,
Suding et al. 2008). In dry meadow communities
of the southern Rocky Mountains, cover of Carex
rupestris (hereafter referred to as Carex) tripled
with increases in N deposition. Conversely, cover
of co-dominant Kobresia myosuroides (hereafter
referred to as Kobresiz) decreased by half
(Bowman et al. 2006). These responses are note-
worthy because these two sedge species are the
dominant plant species in this community and
are among the few species that have exhibited
significant change in cover since the initiation of
this experiment in 1997. Changes in abundance
of dominant species drive changes in species
diversity in this alpine community (Bowman
et al. 2006). Additionally, a study assessing acid
buffering capacity of soil from the plots reported
a significant decrease in pH (from 5.4 to 4.6) and
increase in extractable AI** with increasing N
level (from 12 to 34 mg/kg dry mass of soil; Lieb
et al. 2011). Aluminum toxicity in plants usually
occurs when soil pH drops below pH 5.5

July 2019 *¢ Volume 10(7) ** Article e02775



(Vitorello et al. 2005), and soil pH is below pH
5.0 in our long-term high N treatment plots (Lieb
et al. 2011). This finding suggested that Al toxic-
ity may contribute to the decline in Kobresia’s
abundance.

This alpine plant community is a good model
system to investigate the poorly understood
mechanisms of N deposition, since species shifts
occur in the absence of changes in light limitation
(leaf area index is <I), plant productivity, or
changes in functional groups (Bowman et al.
2006). Thus, in this system we can essentially
control for these better understood processes
(Gough et al. 2000, Hautier et al. 2009) and
explore potential contributions of soil microor-
ganisms and Al toxicity to sedge responses to
long-term N addition. Furthermore, current
uncertainty about the primary mechanisms of
plant community responses to N deposition is
perhaps due to the complexity of multiple
mechanisms operating together (Clark et al.
2007, Simkin et al. 2016). This implies that
investigations that test multiple potential
mechanisms concurrently are necessary to
advance the current understanding N deposi-
tion’s effects on plant communities within and
across ecosystems.

Our goal for the research reported here was to
examine pathways by which changing condi-
tions belowground may drive changes in abun-
dances of Carex and Kobresia with long-term N
addition. We tested the influence of sedge spe-
cies’ differential sensitivity to Al toxicity as well
as changes in microbial community structure,
which included assessment of both mycorrhizal
colonization and soil bacteria community com-
position for each sedge species. For plant-mi-
crobe associations, we predicted that soil
microbial community composition (both bacteria
in the rhizosphere and mycorrhizal fungi) would
correspond to changes in plant cover in response
to N deposition. We hypothesized that mycor-
rhizal infection levels would differ between
sedges species and show divergent responses to
N addition. A decrease in mycorrhizal infection
on Kobresia or an increase on Carex could suggest
a shift to a new limiting resource other than N
could be involved in sedge species’ change in
cover. We hypothesized that bacteria taxa on
Kobresia’s roots that increase in relative abun-
dance with N addition would be candidates to
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test for pathogenic effects that could explain
Kobresia’s decline. We also hypothesized that
Kobresia and Carex differ in their tolerance of Al
and predicted that Kobresia’s growth would be
more inhibited by high Al availability than
Carex.

MATERIALS AND METHODS

We evaluated the factors influencing changes
in Carex rupestris ssp. drummondiana (Dewey) and
Kobresia myosuroides (Villars) abundance due to
elevated N deposition using plants and soils
from an ongoing experiment initiated in 1997
(Bowman et al. 2006, Lieb et al. 2011). Carex and
Kobresia are both rhizomatous sedge species and
are co-dominant species in dry meadow plant
community the long-term N addition plots are
located within.

The experiment simulated a range of N deposi-
tion rates in a species-rich dry meadow alpine
community on Niwot Ridge, Colorado, for 17 yr
before these data were collected. Five replicate
1 x 1.5 m plots receive N fertilizer at rates of 0,
20, 40, or 60 kg N-ha '-yr ', applied as NH,NO;
in aqueous solution, within five blocks to
help account for microsite variation. Ambient
N deposition (wet + dry) at this site is
~6 kg N~ha*1~yr71 (Sievering 2001). Soils are
cryumbrepts with granitic parent material and
contain 28.8 + 1.5% organic matter, and C:N is
16.9 & 0.2 (Seastedt 2001).

Microbial sampling

To test whether the long-term N manipulation
has altered soil microbial structure associated
with Carex and Kobresia’s roots, in July of 2013
four ramets of each sedge species were harvested
per plot. Ramets were removed with root-asso-
ciated soil attached and transported from the
field on ice before subsampling for fungi and
bacteria. In the lab, a rhizosphere soil sample
was taken from each plant by massaging soil
from roots after loose soil had been removed
from the root system. These samples were frozen
at —20°C before extracting DNA.

Mycorrhizal colonization of roots

Kobresia is known to associate with Cenococcum
geophilum, a species of ectomycorrhizal fungi that
has experimentally been shown to supply N in
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the form of the amino acid glycine to Kobresia
roots (Lipson et al. 1999). We believe that this is
the first study to rigorously examine Carex rupes-
tris for mycorrhizal associations.

To assess whether mycorrhizal infection dif-
fered across N levels in both species, five or more
root fragments per plant were used to quantify
the proportion of root tips harboring fungal
hyphae per plant (n =13-16 per treatment
within species). Individual coarse roots were
traced back to the base of each plant, clipped into
3-cm fragments, rinsed with water, and surveyed
for ectomycorrhizal fungi using a 10x magnifica-
tion dissecting scope. Root fragments were also
cleared with 10% KOH and stained with 0.05%
Trypan blue stain to search for endomycorrhizal
fungi (Giovannetti and Mosse 1979). Plot aver-
ages of the number of infected root tips (hyphae
mantel present) out of 50 root tips for each spe-
cies were used in analyses.

Rhizosphere bacteria

Root-associated soil was collected from the
field-harvested sedges by shaking and gently
massaging soil off roots. Following established
protocols (Leff et al. 2015, Prober et al. 2015), soil
samples were processed for 165 rRNA gene
sequencing to characterize microbial community
composition across N treatments. DNA was
extracted from 0.25 g of soil from 40 samples
stratified across blocks and N treatments using
the Mo Bio PowerSoil DNA Isolation Kit (Mo Bio
Laboratories, Carlsbad, California, USA). The V4
region of the 16S rRNA gene was PCR-amplified
using barcoded primers. Dilutions (1:100) were
conducted to improve amplification across sam-
ples, and the resulting PCR products from dupli-
cate reactions were normalized for DNA
concentration (Quant-iT PicoGreen dsDNA
Assay Kit; Life Technologies, Carlsbad, Califor-
nia, USA). Normalized samples were pooled for
PCR cleanup (Mo Bio Labs UltraClean PCR
Cleanup kit), and cleaned PCR product was
sequenced on an I[llumina MiSeq at the University
of Colorado. Raw sequences were demultiplexed
and processed using the UPARSE pipeline (Edgar
2013), applying quality-filtering criteria used in
previous studies (McDonald et al. 2012, Leff et al.
2015). To account for differences in sequencing
depth, samples were rarefied to 10,000 sequences
each (n = 14 for Kobresia and 19 for Carex).
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Aluminum toxicity experiment

To test the effects of soluble Al on Carex and
Kobresia growth, an Al addition experiment was
conducted under greenhouse conditions. Sedges
were harvested from the field site in June of 2014
within 20 m of the field plots. The proximity to
the plots was intended to acquire sedges that
had experienced similar environmental condi-
tions to those in the plots but would not have
been subjected to experimental N application
and subsequent changes in soluble AI’* (Lieb
et al. 2011). Sedges were brought to the alpine
room at the University of Colorado Greenhouse,
where roots were separated from chunks of soil.
One ramet per plot was planted in 164-mL coni-
cal pots filled to within a centimeter of the top of
each pot with homogenized alpine soil from the
field site. The sedges were grown under uniform
conditions (mean temperature was 15°C, and soil
moisture was maintained just below saturation)
for four weeks prior to the initiation of the Al
manipulation, to minimize variation in field
effects on the plant responses to the experimental
Al treatments. Twelve replicates per Al treatment
level were made for each sedge species, and pot
locations were randomized among pot racks. To
assess Al effects on aboveground growth, shoots
were clipped to 2.5 cm length prior to initiating
Al additions. Plants were watered with 20 mL of
tap water every other day throughout the
experiment.

Al additions were initiated after the four-week
acclimation period. Al was added as aluminum
chloride hexahydrate (AlICl;H;,0g) at levels of 0,
10, 50, and 100 pmol APP* L™" in 20 mL applica-
tions. Al treatments were applied every four
days (20 mL of a tap water = Al solution). The
range of Al additions in the greenhouse experi-
ment spanned soluble Al concentrations in the
field plots collected using lysimeters. The experi-
ment ended after 12 weeks, corresponding to the
short alpine growing season. Three soil samples
per treatment were analyzed for pore water Al
concentrations using microlysimeters. Samples
were analyzed on an Applied Research Labora-
tories (ARL) inductively coupled plasma emis-
sion spectrophotometer (ICP-AES, Thermo
Electron, Waltham, Massachusetts, USA).

At the end of the experiment, we quantified
variation in sedge growth by measuring root dry
mass and shoot dry mass. Biomass allocation
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was measured using root-to-shoot ratios. Shoot
length was also calculated as the length of the
longest leaf blade at the end of the experiment
minus the 2.5 cm present at the start of the treat-
ments. A subset of plants across treatment levels
were also visually inspected throughout the
experiment to observe potential tissue damage
associated with Al toxicity. Soil pH was mea-
sured in all pots at the end of the experiment
using a Beckman 340 pH probe. Soil samples
were shaken for 30 min in a 2:1 water to soil
slurry, and tubes were shaken again before mea-
suring pH.

Statistical analyses

Plot-level means (n = 5) were used in analyses
for bacteria communities and ectomycorrhizal
infections. All statistical analyses were per-
formed using R statistical software (R Core Team
2016). To determine the relationship between N
level and percent ectomycorrhizal colonization
on sedge roots, a linear mixed model was fitted
to these data using the LME4 package (Bates
et al. 2015), where N level was the fixed effect
and block was included as a random effect. The
mctoolsr package for microbial community
analysis was used with the bacteria data to aid in
formatting and graphing multivariate data
structures (Leff 2016). Differences in bacteria
community composition between species and
across N treatments in field plots were assessed
with a permutation multivariate ANOVA (PER-
MANOVA) test using the Adonis function in the
vegan package (Oksanen et al. 2016). This test
uses Bray—Curtis dissimilarity matrices to test for
differences in bacteria composition across treat-
ments. Specifically, the relative abundances of
OTUs within genera and families were compared
among samples. Additionally, Pearson’s moment
correlation tests were used to determine whether
any common families (>5% of sequences among
samples) exhibited a significant correlation in rel-
ative abundance of sequences with increasing N
level. This was done to determine whether any
bacteria taxa may be candidates to further inves-
tigate as potential pathogens. Families that exhi-
bit increasing abundance of sequences with N
level would also correlate with a decrease in
Kobresia cover and could be further examined for
potential pathogenic effects. Common taxa were
used in these analyses because rare taxa were
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presumed to have negligible effects on plant
roots. Additionally, by reducing the number of
correlations tests performed we lowered the
probability of making a type I statistical error.
Bonferroni corrections were made on common
families and genera to avoid type II statistical
error. For the Al experiment, general linear mod-
els were used to test for a relationship between
Al level and plant mass for each sedge species.
Initial pre-Al treatment plant heights were
included as covariates in separate linear mixed-
effects models (Paine et al. 2012).

REsuLTs

Both Kobresin and Carex were infected with
Cenococcum geophilum, a cosmopolitan species of
ectomycorrhizal fungi distinguished by black
mantel hyphae on root tips (Lobuglio 1999).
Dark-septate endophytic fungi in roots occurred
in <2% of samples and therefore were not
included in analyses. Colonization of C. geophi-
[um on Kobresia decreased with increasing N level
in the long-term N addition plots, with a 30%
decrease between control plots and the highest N
level (P = 0.10, R?>=0.14, n = 5, four plants aver-
aged per plot per species; Fig. 1). Kobresia har-
bored C. geophilum on 0-86% of root tips
surveyed, with a median colonization of 23%
infected root tips per plant (out of 50 tips sur-
veyed per plant). Carex had much lower infection

30% 1 ]

20% 1

Sedge species

1

¢ N #

—e— Kobresia

—o— Carex
10% 1

Ectomycorrhizal colonization

0% A ®
0 20 40 60
Nitrogen treatment (kg N ha‘1yr‘1)

Fig. 1. Colonization by ectomycorrhizal fungi (per-
cent of infected root tips per plant) showing means
and standard error of the means on Carex rupestris’and
Kobresia myosuroides” root tips for each N level (n =5
plots per treatment level).
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levels than Kobresia and showed no relationship
between colonization and N level (P = 0.60,
R*>=0.02,n = 5). Across all N levels, 9% of Carex
plants harbored C. geophilum at >2 root tips
infected per plant. Infected Carex plants had
<10% infected root tips per plant for all but one
individual, which had 26% infected root tips.
Bacteria communities adhering to sedge roots
showed no significant change in community
composition across the four N levels (P = 0.12,
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Pseudomonadaceae
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Chitinophagaceae
. [Chthoniobacteraceae]
0.00 1 Other
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N treatment (Kg N ha™' yr™")
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R* = 0.09), but did differ between the two sedge
species (P < 0.01, R? = 0.06) and among blocks
(P <0.01, R*=0.16, n=>5) although species,
block, and the significant interaction between
these two variables (P = 0.04, R* = 0.21) explained
little of the overall variance in bacteria community
composition among treatments. Actinobacteria and
proteobacteria were the dominant phyla in similar
proportions for both Carex and Kobresia (Fig. 2).
Bacteria OTU frequencies grouped by higher

B 100
H- | Bacteria Phyla
. Planctomycetes
0.75 -
Chloroflexi
C
._g . Acidobacteria
§. 0.50 1 . Bacteroidetes
o Verrucomicrobia
0.25 A I I ‘ ‘ Actinobacteria
0.00 1

—
N treatment (Kg N ha™" yr™")

D 1,004 -w.HH Bacteria Families
|
. Hyphomicrobiaceae
0.75 1 Thermomonosporaceae

Illl m Sphingomonadaceae

c
o
C
S 0501 Chitinophagaceae
09_ . Pseudonocardiaceae
D Gaiellaceae
0.25 A )
Micromonosporaceae
. [Chthoniobacteraceae]
0.00 - Other
B B m

0 204060
N treatment (Kg N ha™' yr™")

Fig. 2. Relative proportions of bacterial OTUs within each N treatment. Taxa shown are the seven most abun-
dant phyla on Kobresia myosuroides’ roots (A) and Carex rupestris’ roots (B), and the eight most abundant bacteria

families are also shown for Kobresia (C), and Carex (D).
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taxonomic levels (family and genus) did not
reveal any shifts in composition to indicate direc-
tional changes in abundance of OTUs within fam-
ilies (P =0.75, R* =0.04), or genera (P = 0.76,
R* = 0.04) with increasing N level. Correlation
tests on the 67 common families by N treatment
resulted in no individual families varying signifi-
cantly with N level (n = 67, P > 0.05). Correlation
tests for the 120 common genera also did not
reveal any taxa varying significantly in relative
abundance with N treatment (n = 120, P > 0.05).
The lack of directional changes in abundance of
bacteria across N levels suggested that no specific
taxonomic group needed to be investigated fur-
ther for potential pathogenic effects on Kobresia or
mutualisms with Carex.

The Al treatments had no negative effects on
sedge growth for either species (Fig. 3). Root dry
mass (Kobresia: P = 0.39, R? = 0.015, Carex:
P =0.28, R* = 0.026), shoot dry mass (Kobresia:
P =0.69, R* = 0.003, Carex: P = 0.59, R* = 0.01),
root-to-shoot ratio (Kobresia: P = 0.95, R? < 0.001,
Carex: P = 05, R? = 0.01), and shoot growth with
pre-treatment shoot length included as a ran-
dom effect (Kobresia: P < 0.01, R? = 0.04, Carex:
P < 0.01, R* = 0.02) did not vary significantly for
either species. At the end of the experiment, soil
pH was significantly lower in the high Al treat-
ments than in the control treatment (P = 0.01,
R*=0.07, n = 96). The mean pH in the control
pots was 5.88 £ 0.05 (standard error of the mean

A B
0.121 0.1501
2 0.101 2 01251
@ &
© ©
€ 0,081 £ 0.100-
B ©
S 0.06 2 0.0751
x O. { & O
0.04 1 0.050 1
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[SEM]) and 5.67 & 0.09 in the highest Al addi-
tion treatment. Soil solution concentration of Al
ranged from a mean of 28 ppb in control pots
compared to a mean of 608 ppb in the 100 pmol
AP L' pots, effectively spanning measure-
ments from the field plots as intended. The mean
soil solution concentration of Al in field control
plots was 394 ppb, and the soil pH was
4.97 £ 0.07. The mean Al concentration from the
high N plots was 246 ppb, and the pH was
4.73 + 0.12.

DiscussioN

The goal of this study was to explore below-
ground processes that could contribute to plant
species’ responses to elevated N deposition. We
hypothesized that soil microbes and/or Al toxic-
ity contribute to the observed increase in cover of
Carex rupestris and decrease in cover of Kobresia
myosuroides following 17 yr of N addition in an
alpine dry meadow community. There was a
relationship between sedge species’ cover and
ectomycorrhizal fungi colonization, where root
tip infection decreased with increasing N for
Kobresia. We did not find evidence to support a
relationship between root-associated bacteria
and N addition. Al toxicity also does not appear
to be a mechanism affecting the sedge species
differently; neither species was affected by Al
addition. These results suggest that the

(9]

~
—e—i
——i

Shoot growth (cm)
[}

b

(6]

_{{

0 25 50 75 100

0 25 50 75 100

0 25 50 75 100

Al treatment (umol Al L™")

Sedge species

-@- Carex —@- Kobresia

Fig. 3. Root dry mass (A), shoot dry mass (B), and shoot growth (change in shoot length of the longest blade
per plant from onset of Al additions) (C) for Kobresia myosuroides and Carex rupestris plants subjected to three
levels of Al with a control treatment (tap water). Data are means and standard error of the means (1 = 5 plots

per treatment level).
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ectomycorrhizal status of the sedge species may
be involved in the observed decrease in Kobresia
cover associated with simulated N deposition,
while bacterial community change and Al toler-
ance do not contribute to the species’ responses.

The observed decrease in ectomycorrhizal col-
onization on Kobresia with increasing N is consis-
tent with the hypothesis that mycorrhizal host
plants reduce their carbon investment in the
mutualism when N is abundant (Wallenda and
Kottke 1998, Treseder 2008, Suding et al. 2005,
Shantz et al. 2015). Kobresia’s decline in cover
may be related to a change in its limiting
resource(s), from N to phosphorus (P) or water
availability which are typically limiting resources
in this system besides N (Bowman et al. 1993,
Fan et al. 2016). A 30% decrease in infection may
or may not be a meaningful change in resource
acquisition for Kobresia, but we considered that it
could be meaningful given the large decrease in
hyphae surface area and access to resources with
each plant-mycorrhizal connection lost. Experi-
mental work is needed to identify conditions
where a shift in ectomycorrhizal colonization rep-
resents a shift in ectomycorrhizal function, since
plant-mycorrhizal relationships and colonization
are often responsive to changes in resource avail-
ability and most of this research on this topic has
been conducted on arbuscular mycorrhizal fungi
(Johnson 2010, Lekberg and Helgason 2018, Trese-
der et al. 2018). Recent research that characterizes
plant-mycorrhizal relationships with N addition
(Lilleskov et al. 2011, Treseder et al. 2018) pro-
vides additional plant-mycorrhizal species pairs
to investigate functional relationships.

Carex appears to be a superior competitor in
this community under elevated N deposition.
Kobresia’s and Carex’s cover was negatively corre-
lated in the high N level field plots and the rela-
tionship increases in magnitude over time (W. D.
Bowman, unpublished data). Plant-plant competi-
tion for a resource other than N is one possible
explanation for this pattern. We did not directly
test competition between Carex and Kobresia
because these species take several years to show
directional responses to experimental manipula-
tion (Bowman et al. 2018); however, changes in
competition may very well be both a conse-
quence of changes in resource availability and a
reason for the observed changes in cover of the
sedge species.
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Our hypothesis that changes in root-associated
bacteria are linked to sedge species’ responses to
long-term N addition was not supported, since
bacterial community composition did not differ
across N levels. Since there was no significant
difference in common bacteria taxa (genera or
families) across N levels, it is unlikely that speci-
fic bacterial taxa had enhanced pathogenic effects
with elevated N that could contribute to Kobre-
sia’s decline in cover. Additional correlation tests
on common bacterial families and genera associ-
ated with Kobresia in N treatment plots con-
firmed that there was little change in the relative
abundances of taxa with N addition for each
individual family and genus examined. This
result provides no candidate taxa to examine for
pathogenic effects in high N conditions, and we
therefore believe it is unlikely that pathogens are
involved in Kobresia’s decline. This null result dif-
fers from field fertilization experiments that have
demonstrated shifts in abundance of bacterial
taxa with added N (Allison and Martiny 2008,
Nemergut et al. 2008, Ramirez etal. 2012,
Coolon et al. 2013). More recently, a few studies
have reported no change in bacterial community
composition in N addition experiments (Jing
et al. 2016, McHugh et al. 2017). Differences in
experimental designs among studies likely con-
tribute to differences in the magnitude of the
treatment effects. First, experimental manipula-
tions differ greatly in C:N of soil used, as well as
the dosage and duration of N fertilization (rang-
ing from 10 to 800 kg N-hafl-yrfl; Ramirez
et al. 2010). Even when N additions are applied
at a constant rate within experiments, N does not
often have a consistent effect on bulk soil bacteria
biomass (Treseder 2008) or composition (Leff
et al. 2015) among ecosystems. Second, the
response variables that target microbial function
also differ among studies. Here, taxonomic com-
position of root-associated bacteria was chosen
to reveal whether plant-bacteria interactions are
altered in response to N deposition. The majority
of N studies that describe microbial community
responses to abiotic changes measure microbial
biomass or respiration (reviewed by Treseder
2008, Wei et al. 2013). However, changes in
microbial biomass and respiration cannot reveal
whether changes to microbial composition occur.
Thus, examining changes in the relative abun-
dance of taxa is potentially a useful approach to
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identify taxa that may affect plants. In this study,
rhizosphere bacteria composition did not differ
across N levels.

Contrary to our expectations, Al addition had
no effect on aboveground or belowground
growth for either sedge species. To our knowl-
edge, this is one of the first studies to test for Al
toxicity as a consequence of N deposition in a
native plant community (De Graaf et al. 1997).
We considered that soils with high organic mat-
ter content are buffered from the effects of sol-
uble Al, because most Al is chemically bound to
organic matter in basic to slightly acidic soils
(Berggren and Mulder 1995). While Niwot Ridge
alpine soils are relatively high in organic matter,
long-term N addition has resulted in elevated
soluble AI’" in treatment plots (Lieb et al. 2011).
Additionally, Al concentrations in pore water in
the Al addition pots were 22 times higher on
average in the highest Al treatment compared to
controls. Thus, organic matter in the pots did not
immobilize all added Al and make it inaccessible
for plant uptake. Because initial root growth
responses to elevated soluble Al are very rapid
(within minutes to hours), the greenhouse exper-
iment provided ample time to observe sedge
responses (Barceld and Poschenrieder 2002). The
lack of response of plants to Al addition in this
experiment—which effectively spanned the
range of Al concentration in field plots—suggests
that these alpine plants may be resistant to mod-
est changes in pH and Al that can occur with ele-
vated N deposition. It may also be the case that
mature plants, such as those transplanted in our
experiment, may be less sensitive to low pH and
Al toxicity than young or stressed plants. It
should also be noted that N can accumulate in
dry meadow soils over time, and the threshold
concentrations for plant responses to Al and pH
may decrease over time as NO;~ and H" accu-
mulate due to increased N cycling (Stevens et al.
2009, Humbert et al. 2016).

We tested two potential mechanisms to explain
how atmospheric N deposition might alter plant
species cover and thereby plant diversity
through changes in species evenness. In an
alpine dry meadow plant community, long-term
N addition did not impact soil bacteria commu-
nities associated with the dominant plant species,
nor did Al toxicity explain differential responses
of these sedge species. A generalist ectomycorrhizal
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fungus may play a role in plant-plant competi-
tion, although the mechanism is not clear. We
hypothesize that lower abundance of C. geophilum
would lessen the ability of Kobresia to access P
and/or water. Further research is needed to deter-
mine the nature of competition among plant spe-
cies in the alpine and other ecosystems affected by
N deposition to determine how competition
among plant species as well as function of mycor-
rhizal fungi shifts with increasing N deposition.
While we have no clear evidence for precise mech-
anisms, we contribute to this field by rejecting the
potential roles of Al toxicity and bacterial patho-
gens in mediating changes Kobresia’s and Carex’s
cover. Understanding the mechanisms by which
N deposition drives species-specific responses is
important, especially in communities like alpine
dry meadow communities where changes in
cover of these dominant species impact plant
diversity and composition. Studies like this one
are needed to address the potential for multiple
factors to be involved in plant responses to ele-
vated N deposition in order to determine which
are most common among different ecosystems.

ACKNOWLEDGMENTS

We would like to thank Amber Churchill, Samuel
Simkin, Noah Fierer, Eve-Lyn Hinkley, Katherine Sud-
ing, and Jared Stewart for their suggestions while
designing the experiment and writing the manuscript.
We also thank Mariska Hamstra, Jessica Henley, and
Thomas Lemieux for help with data collection, and Jon
Leff for help with microbial data analyses. This
research was funded by the Niwot Ridge LTER Pro-
gram, the Indian Peaks Wilderness Alliance, and
University of Colorado grants including the John W.
Marr Fund and the Ecology and Evolutionary Biology
Graduate Research Fund. Authors Teal Potter, William
Owens, and William Bowman designed the experi-
ments. Teal Potter and William Owens performed the
experiments and collected the data. Teal Potter gener-
ated sequence data and performed statistical analyses.
Teal Potter and William Bowman wrote the manuscript.

LiTeraTURE CITED

Allen, E. B., L. M. Egerton-Warburton, B. E. Hilbig,
and J. M. Valliere. 2016. Interactions of arbuscular
mycorrhizal fungi, critical loads of nitrogen deposi-
tion, and shifts from native to invasive species in a
southern California shrubland. Botany-Botanique
94:425-433.

July 2019 *¢ Volume 10(7) ** Article e02775



Allison, S. D., and J. B. H. Martiny. 2008. Colloquium
paper: resistance, resilience, and redundancy in
microbial communities. Proceedings of the
National Academy of Sciences 105:11512-11519.

Barceld, J.,, and C. Poschenrieder. 2002. Fast root
growth responses, root exudates, and internal
detoxification as clues to the mechanisms of alu-
minium toxicity and resistance: a review. Environ-
mental and Experimental Botany 48:75-92.

Bates, D., M. Maechler, B. Bolker, and S. Walker. 2015.
Fitting linear mixed-effects models using Ime4.
Journal of Statistical Software 67:1-48.

Berggren, D., and J. Mulder. 1995. The role of organic
matter in controlling aluminum solubility in acidic
mineral soil horizons. Geochimica et Cosmochim-
ica Acta 59:4167—4180.

Bezemer, T. M., C. S. Lawson, K. Hedlund, A. R.
Edwards, A. ]. Brook, J. M. Igual, S. R. Mor-
timer, and W. H. Van Der Putten. 2006. Plant
species and functional group effects on abiotic and
microbial soil properties and plant-soil feedback
responses in two grasslands. Journal of Ecology
94:893-904.

Bobbink, R., M. Hornung, and J. G. M. Roelofs. 1998.
The effects of air-borne nitrogen pollutants on spe-
cies diversity in natural and semi-natural European
vegetation. Journal of Ecology 86:717-738.

Bobbink, R., et al. 2010. Global assessment of nitrogen
deposition effects on terrestrial plant diversity: a
synthesis. Ecological Applications 20:30-59.

Bowman, W. D., A. Ayyad, C. P. Bueno de Mesquita,
N. Fierer, T. S. Potter, and S. Sternagel. 2018. Lim-
ited ecosystem recovery from simulated chronic
nitrogen deposition. Ecological Applications 28:
1762-1772.

Bowman, W. D., C. C. Cleveland, L. Halada, J. Hresko,
and J. S. Baron. 2008. Negative impact of nitrogen
deposition on soil buffering capacity. Nature Geo-
science 1:767-770.

Bowman, W. D., J. R. Gartner, K. Holland, and M. Wie-
dermann. 2006. Nitrogen critical loads for alpine
vegetation and terrestrial ecosystem response: Are
we there yet? Ecological Applications 16:1183-93.

Bowman, W., T. Theodose, J. Schardt, and R. Conant.
1993. Constraints of nutrient availability on pri-
mary production in two alpine tundra communi-
ties. Ecology 74:2085-2097.

Brooker, R. W. 2006. Plant-plant interactions and envi-
ronmental change. New Phytologist 171:271-284.

Chen, D., Z. Lan, X. Bai, J. B. Grace, and Y. Bai. 2013.
Evidence that acidification-induced declines in
plant diversity and productivity are mediated by
changes in below-ground communities and soil
properties in a semi-arid steppe. Journal of Ecology
101:1322-1334.

ECOSPHERE % www.esajournals.org

POTTER ET AL.

Clark, C. M., E. E. Cleland, S. L. Collins, ]. E. Fargione,
L. Gough, K. L. Gross, S. C. Pennings, K. N. Sud-
ing, and J. B. Grace. 2007. Environmental and plant
community determinants of species loss following
nitrogen enrichment. Ecology Letters 10:596-607.

Clark, C. M., P. E. Morefield, F. S. Gilliam, and L. H.
Pardo. 2008. Estimated losses of plant biodiversity
in the United States from historical N deposition
(1985-2010). Ecology 94:1441-1448.

Clark, C. M., P. E. Morefield, F. S. Gilliam, and L. H.
Pardo. 2013. Estimated losses of plant biodiversity
in the United States from historical N deposition
(1985-2010). Ecology 94:1441-1448.

Coolon, J. D., K. L. Jones, T. C. Todd, J. M. Blair, and
M. A. Herman. 2013. Long-term nitrogen amend-
ment alters the diversity and assemblage of soil
bacterial communities in tallgrass prairie. PLoS
ONE 8:1-11.

De Graaf, M. C. C., R. Bobbink, P. J. M. Verbeek, and ]J.
G. M. Roelofs. 1997. Aluminium toxicity and toler-
ance in three heathland species. Water Air and Soil
Pollution 98:229-239.

Dean, S. L., E. C. Farrer, D. L. Taylor, A. Porras-Alfaro,
K. N. Suding, and R. L. Sinsabaugh. 2014. Nitrogen
deposition alters plant-fungal relationships: linking
belowground dynamics to aboveground vegeta-
tion change. Molecular Ecology 23:1364-78.

Delhaize, E., and P. R. Ryan. 1995. Aluminum toxicity
and tolerance in plants. Plant Physiology 107:315—
321.

de Schrijver, A., P. de Frenne, E. Ampoorter, L. van
Nevel, A. Demey, K. Wuyts, and K. Verheyen.
2011. Cumulative nitrogen input drives species loss
in terrestrial ecosystems. Global Ecology and Bio-
geography 20:803-816.

Dickson, T. L., and B. L. Foster. 2011. Fertilization
decreases plant biodiversity even when light is not
limiting. Ecology Letters 14:380-388.

Edgar, R. C. 2013. UPARSE: highly accurate OTU
sequences from microbial amplicon reads. Nature
Methods 10:996-8.

Fan, Z., J. C. Neff, and W. R. Wieder. 2016. Model-
based analysis of environmental controls over
ecosystem primary production in an alpine tundra
dry meadow. Biogeochemistry 128:35-49.

Farrer, E. C., D. J. Herman, E. Franzova, T. Pham, and
K. N. Suding. 2013. Nitrogen deposition, plant car-
bon allocation, and soil microbes: changing interac-
tions due to enrichment. American Journal of
Botany 100:1458-1470.

Fierer, N., C. L. Lauber, K. S. Ramirez, ]J. Zaneveld, M.
A. Bradford, and R. Knight. 2012. Comparative
metagenomic, phylogenetic and physiological
analyses of soil microbial communities across
nitrogen gradients. ISME Journal 6:1007-1017.

July 2019 *¢ Volume 10(7) ** Article e02775



Galloway, J. N., et al. 2004. Nitrogen cycles: past, pre-
sent, and future. Biogeochemistry 70:153-226.

Giovannetti, M., and B. Mosse. 1979. An evaluation of
techniques for measuring vesicular arbuscular
myecorrhizal infection in roots. New Phytologist
84:489-500.

Gough, L., C. W. Osenberg, K. L. Gross, and S. L. Col-
lins. 2000. Fertilization effects on species density
and primary productivity in herbaceous plant com-
munities. Oikos 89:428-439.

Greaver, T. L., et al. 2012. Ecological effects of nitrogen
and sulfur air pollution in the US: What do we
know? Frontiers in Ecology and the Environment
10:365-372.

Guo, J. H, X. Liu, Y. Zhang, J. Shen, W. Han, W.
Zhang, P. Christie, K. Goulding, P. Vitousek, and F.
Zhang. 2011. Significant acidification in major Chi-
nese croplands. Science 327:1008-1010.

Hautier, Y., P. A. Niklaus, and A. Hector. 2009. Compe-
tition for light causes plant biodiversity loss after
eutrophication. Science 324:636—638.

van der Heijden, M. G. A, R. D. Bardgett, and N. M.
van Straalen. 2008. The unseen majority: soil
microbes as drivers of plant diversity and produc-
tivity in terrestrial ecosystems. Ecology Letters
11:296-310.

Hodge, A., J. Stewart, D. Robinson, B. S. Griffiths, and
A. H. Fitter. 2000. Competition between roots and
soil micro-organisms for nutrients from nitrogen-
rich patches of varying complexity. Journal of Ecol-
ogy 88:150-164.

Houdijk, A. L. F. M., P. J. M. Verbeek, H. F. G. Van Dijk,
and J. G. M. Roelofs. 1993. Distribution and decline
of endangered herbaceous heathland species in
relation to the chemical composition of the soil.
Plant and Soil 148:137-143.

Humbert, J. Y., ]. M. Dwyer, A. Andrey, and R. Arlet-
taz. 2016. Impacts of nitrogen addition on plant
biodiversity in mountain grasslands depend on
dose, application duration and climate: a system-
atic review. Global Change Biology 22:110-120.

Jing, X., X. Yang, F. Ren, H. Zhou, B. Zhu, and J. S.
He. 2016. Neutral effect of nitrogen addition and
negative effect of phosphorus addition on topsoil
extracellular enzymatic activities in an alpine
grassland ecosystem. Applied Soil Ecology 107:
205-213.

Johnson, N. C. 2010. Resource stoichiometry eluci-
dates the structure and function of arbuscular
mycorrhizas across scales. New Phytologist 185:
631-647.

Johnson, N. C., D. L. Rowland, L. Corkidi, and E. B.
Allen. 2008. Plant winners and losers during grass-
land N-eutrophication differ in biomass allocation
and mycorrhizas. Ecology 89:2868-2878.

ECOSPHERE *%* www.esajournals.org

POTTER ET AL.

Kardol, P, N. J. Cornips, M. M. van Kempen, T. J.
Bakx-Schotman, and W. H. Van der Putten. 2007.
Microbe-mediated plant-soil feedback causes his-
torical contingency effects in plant community
assembly. Ecological Monographs 77:147-162.

Kulmatiski, A., K. H. Beard, J. R. Stevens, and S. M.
Cobbold. 2008. Plant-soil feedbacks: a meta-analy-
tical review. Ecology Letters 11:980-992.

Leff, J. W. 2016. mctoolsr: microbial community data
analysis tools. http://leffj.github.io/mctoolsr/

Leff, J. W., et al. 2015. Consistent responses of soil
microbial communities to elevated nutrient inputs in
grasslands across the globe. Proceedings of the
National Academy of Sciences USA 112:10967-10972.

Lekberg, Y., and T. Helgason. 2018. In situ mycorrhizal
function - knowledge gaps and future directions.
New Phytologist 220:957-962.

Lieb, A. M., A. Darrouzet-Nardi, and W. D. Bowman.
2011. Nitrogen deposition decreases acid buffering
capacity of alpine soils in the southern Rocky
Mountains. Geoderma 164:220-224.

Lilleskov, E., T. Fahey, T. Horton, and G. Lovett. 2002.
Belowground ectomycorrhizal fungal community
change over a nitrogen deposition gradient in
Alaska. Ecology 83:104-115.

Lilleskov, E. A., E. A. Hobbie, and T. R. Horton. 2011.
Conservation of ectomycorrhizal fungi: exploring
the linkages between functional and taxonomic
responses to anthropogenic N deposition. Fungal
Ecology 4:174-183.

Lipson, D., C. Schadt, S. K. Schmidt, and R. K. Mon-
son. 1999. Ectomycorrhizal transfer of amino acid-
nitrogen to the alpine sedge Kobresia myosuroides.
New Phytologist 142:163-167.

Lobuglio, K. F. 1999. Cenococcum. Pages 287-309 in
J. W. Cairney and S. M. Chambers, editors. Ectomy-
corrhizal fungi: key genera in profile. Springer-
Verlag, Berlin, Germany.

McDonald, D., M. N. Price, ]J. Goodrich, E. P.
Nawrocki, T. Z. DeSantis, A. Probst, G. L. Ander-
sen, R. Knight, and P. Hugenholtz. 2012. An
improved Greengenes taxonomy with explicit
ranks for ecological and evolutionary analyses of
bacteria and archaea. ISME Journal 6:610-618.

McHugh, T. A, E. M. Morrissey, R. C. Mueller, L. V.
Gallegos-Graves, C. R. Kuske, and S. C. Reed.
2017. Bacterial, fungal, and plant communities
exhibit no biomass or compositional response to
two years of simulated nitrogen deposition in a
semiarid grassland. Environmental Microbiology
19:1600-1611.

Mills, K. E., and ]J. D. Bever. 1998. Maintenance of
diversity within plant communities: soil pathogens
as agents of negative feedback. Ecology 79:1595—
1601.

July 2019 *¢ Volume 10(7) ** Article e02775


http://leffj.github.io/mctoolsr/

Mitchell, R. J., A. J. Hester, C. D. Campbell, S. J. Chap-
man, C. M. Cameron, R. L. Hewison, and J. M.
Potts. 2010. Is vegetation composition or soil chem-
istry the best predictor of the soil microbial com-
munity? Plant and Soil 333:417-430.

Nemergut, D. R, A. R. Townsend, S. R. Sattin, K. R.
Freeman, N. Fierer, J. C. Neff, W. D. Bowman, C.
W. Schadt, M. N. Weintraub, and S. K. Schmidt.
2008. The effects of chronic nitrogen fertilization on
alpine tundra soil microbial communities: implica-
tions for carbon and nitrogen cycling. Environmen-
tal Microbiology 10:3093-105.

Oksanen, J. F, et al. 2016. vegan: community ecology
package. R package version 2.4-1. https://cran.r-pro
ject.org/web/packages/vegan/index.html

Paine, C. E. T,, T. R. Marthews, D. R. Vogt, D. Purves,
M. Rees, A. Hector, and L. A. Turnbull. 2012. How
to fit nonlinear plant growth models and calculate
growth rates: an update for ecologists. Methods in
Ecology and Evolution 3:245-256.

Prober, S. M., et al. 2015. Plant diversity predicts
beta but not alpha diversity of soil microbes
across grasslands worldwide. Ecology Letters 18:
85-95.

R Core Team. 2016. R: a language and environment for
statistical computing. R Foundation for Statistical
Computing, Vienna, Austria.

Ramirez, K. S., J. M. Craine, and N. Fierer. 2012. Con-
sistent effects of nitrogen amendments on soil
microbial communities and processes across
biomes. Global Change Biology 18:1918-1927.

Ramirez, K. S., C. L. Lauber, R. Knight, M. A. Brad-
ford, and N. Fierer. 2010. Consistent effects of
nitrogen fertilization on soil bacterial communities
in contrasting systems. Ecology 91:3463-7340.

Roem, W. J., H. Klees, and F. Berendse. 2002. Effects of
nutrient addition and acidification on plant species
diversity and seed germination in heathland. Jour-
nal of Applied Ecology 39:937-948.

Schimel, J., and J. Bennett. 2004. Nitrogen mineraliza-
tion: challenges of a changing paradigm. Ecology
85:591-602.

Seastedt, T. R. 2001. Soils. Pages 157-176 in Structure
and function of an alpine ecosystem. Oxford Uni-
versity Press, New York, New York, USA.

Shantz, A. A., N. P. Lemoine, and D. E. Burkepile.
2015. Nutrient loading alters the performance of
key nutrient exchange mutualisms. Ecology Letters
19:20-28.

Sievering, H. 2001. Atmospheric chemistry and deposi-
tion. Pages 32—44 in Structure and function of an
alpine ecosystem. Oxford University Press, New
York, New York, USA.

Sigtienza, C., L. Corkidi, and E. B. Allen. 2006. Feed-
backs of soil inoculum of mycorrhizal fungi altered

ECOSPHERE % www.esajournals.org

POTTER ET AL.

by N deposition on the growth of a native shrub
and an invasive annual grass. Plant and Soil
286:153-165.

Simkin, S. M., et al. 2016. Conditional vulnerability of
plant diversity to atmospheric nitrogen deposition
across the USA. Proceedings of the National
Academy of Sciences 113:4086—4091.

Stevens, C. ], N. B. Dise, and D. J. Gowing. 2009.
Regional trends in soil acidification and exchange-
able metal concentrations in relation to acid
deposition rates. Environmental Pollution 157:313—
319.

Stevens, C. J., N. B. Dise, J. O. Mountford, and D. J.
Gowing. 2004. Impact of nitrogen deposition on
the species richness of grasslands. Science
303:1876-1879.

Stevens, C. J.,, K. Thompson, J. P. Grime, C. ]J. Long,
and D. J. G. Gowing. 2010. Contribution of acidifi-
cation and eutrophication to declines in species
richness of calcifuge grasslands along a gradient of
atmospheric nitrogen deposition. Functional Ecol-
ogy 24:478-484.

Suding, K. N., S. L. Collins, L. Gough, C. Christopher,
E. E. Cleland, K. L. Gross, D. G. Milchunas, and S.
Pennings. 2005. Functional- and abundance-based
mechanisms explain diversity loss due to N fertili-
zation. Proceedings of the National Academy of
Sciences 102:4387-4392.

Suding, K., I. Ashton, H. Bechtold, W. Bowman, M.
Mobley, and R. Winkleman. 2008. Plant and
microbe contribution to community resilience in a
directionally changing environment. Ecological
Monographs 78:313-329.

Thompson, G. W., and R. J. Medve. 1984. Effects of alu-
minum and manganese on the growth of ectomyc-
orrhizal fungi. Applied and Environmental
Microbiology 48:556-560.

Treseder, K. K. 2008. Nitrogen additions and microbial
biomass: a meta-analysis of ecosystem studies.
Ecology Letters 11:1111-1120.

Treseder, K. K., E. B. Allen, L. M. Egerton-Warburton,
M. M. Hart, J. N. Klironomos, H. Maherali, and L.
Tedersoo. 2018. Arbuscular mycorrhizal fungi as
mediators of ecosystem responses to nitrogen
deposition: a trait-based predictive framework.
Journal of Ecology 106:480—489.

van Breemen, N., J. Mulder, and C. T. Driscoll. 1983.
Acidification and alkalinization of soils. Plant and
Soil 75:283-308.

Van Den Berg, L. J. L., E. Dorland, P. Vergeer, M. A. C.
Hart, R. Bobbink, and ]. G. M. Roelofs. 2005.
Decline of acid-sensitive plant species in heathland
can be attributed to ammonium toxicity in
combination with low pH. New Phytologist 166:
551-564.

July 2019 *¢ Volume 10(7) ** Article e02775


https://cran.r-project.org/web/packages/vegan/index.html
https://cran.r-project.org/web/packages/vegan/index.html

van der Putten, W. H.,, C. van Dijk, and B. A. Peters. 1993.
Plant-specific soil-borne diseases contribute to suc-
cession in foredune vegetation. Nature 362:53-56.

Vitorello, V. A, F. R. Capaldi, and V. A. Stefanuto.
2005. Recent advances in aluminum toxicity and
resistance in higher plants. Brazilian Journal of
Plant Physiology 17:129-143.

ECOSPHERE *%* www.esajournals.org

POTTER ET AL.

Wallenda, T., and I. Kottke. 1998. Nitrogen deposition
and ectomycorrhizas. New Phytologist 139:169-187.
Wei, C., Q. Yu, E. Bai, X. Lu, Q. Li, J. Xia, P. Kardol, W.

13

Liang, Z.
deposition

Wang, and X. Han. 2013. Nitrogen
weakens plant-microbe interactions in

grassland ecosystems. Global Change Biology 19:

3688-3697.

July 2019 *¢ Volume 10(7) ** Article e02775



